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ABSTRACT
The gamma rays em itted in the decay o f ^^E u , ^^D y , and '^®Er 
to  exc ited  states o f ^ \ * d ,  ^^D y, and ^® E r, re sp e c tive ly , have 
been detected w ith  Ge(Li) detectors and analyzed on a 4096 channel 
analyzer. The gamma-ray energies and in te n s it ie s  were measured w ith  
very high p rec is io n . For the prominent gamma rays em itted by each 
nucleus, the energies were determined to  w ith in  10 to  40 keV and the 
re la tiv e  in te n s it ie s  have been determined to  w ith in  2 to  4%. An 
accurate c a lib ra tio n  o f the n o n lin e a rity  o f the spectrometer system 
made possib le  the precise energy measurements. The energies were 
measured re la tiv e  to  a set o f precise energy standards which were 
the re s u lt o f a com pila tion o f values found in the l i te ra tu re .  The 
p rec is io n  o f the energies measured in th is  study was lim ite d  
p r im a r ily  by the p rec is ion  in the reference energies. A ca re fu l and 
d e ta ile d  photopeak e ff ic ie n c y  c a lib ra tio n  fo r  the detectors enable 
the precise in te n s ity  measurements. The e f f ic ie n c y  c a lib ra t io n  re­
su lted  from a comparison w ith  the w ell known p rope rtie s  o f Nal 
de tectors. The estimated unce rta in ty  in the re la t iv e  e ff ic ie n c y  
c a lib ra tio n  was 5%. The analys is o f the gamma-ray spectra was 
accomplished using a computer technique to  f i t  a Gaussian fu n c tio n  to  
each photopeak in the spectra.
The gamma energies and in te n s it ie s  were used to  ca lcu la te  ra tio s
o f reduced E2 tra n s it io n  probabi1i t ie s  fo r  leve ls  in  the /3- and y -
154 160v ib ra tio n a l bands o f the even-even deformed nuc le i Gd, Dy, and 
168Er. The B(E2) ra t io s , which are se n s itive  to  the m ixing o f the 
ground-state ro ta tio n a l band and the v ib ra tio n a l bands, were compared
to  the p red ic tions  o f the c o lle c t iv e  models appropria te  to  these
n u c le i. The models formulated from a pu re ly  macroscopic approach did
not make re a l is t ic  p red ic tion s  o f the ra t io s .  Only fo r  the nucleus 
154Gd was there even lim ite d  agreement between these theories and
160 168experiment. For the more deformed nucle i Dy and Er, the non-
ad iaba tic  models overestimated the e f fe c t  o f band m ixing. The B(E2)
ra tio s  were compared to  the th e o re tic a l p re d ic tio n s  o f the ad iaba tic
sym m etric-rotor model, which is v a lid  fo r  the case o f no band m ixing,
to  ob ta in  band-mixing parameters, fo r  each ra t io  in each nucleus,
w ith in  the framework o f the phenomenological band m ixing model. The
band m ixing in the nucleus was accu ra te ly  described by th is  moael as
a consis ten t set o f z^ parameters was obtained fo r  B(E2) ra tio s  fo r
154tra n s it io n s  from leve ls  in the band. For Eu, which was the only 
nucleus fo r  which a j3 band was observed, a two parameter ana lys is 
(in c lu d in g  mixing o f the /3 and y  bands o f the B(E2) ra tio s  o f the 
■y-band) d id  not re s u lt in a cons is ten t set o f mixing parameters, 7.^ 
and zfl . The B(E2) ra tio s  from the Q band o f *^G d and the y  band o f
py
160Dy were not described by the band-mixing model. The re s u lts  
ind ica ted , however, tha t the model is  prom ising e sp e c ia lly  i f  
a d d itio n a l second order e ffe c ts  such as v a r ia t io n  o f the quadrupole 
moments from band to  band are included. The mixing parameter were 
compared to  the various m icroscopic models form ulated from the pa irin g  
p lus quadrupole f ie ld s  approach. These models were seen to  be nearly 
adequate in the p red ic tions  o f the m ixing parameters and thus, should 
be re fin e d . The energy s h if ts  o f the ground-state ro ta tio n a l band 
were analyzed w ith in  the framework o f band m ixing. I t  was concluded
xi
th a t band mixing could not account fo r  the observed s h if ts  and tha t 
the m icroscopic models underestimated the e ffe c t o f band m ixing.
CHAPTER I 
INTRODUCTION
In the e a rly  1950's a large amount o f experimental data on nuclear 
spectra could not be described by the motion o f one or two nucleons in 
excess o f closed sh e lls . The data ind ica ted  th a t the nuclear states 
were due to  the c o lle c t iv e  motion o f a la rge number or o f a l l  the 
nucleons in the nucleus. The most important ev.ldence was the discovery 
o f ro ta tio n a l energy leve l s tru c tu re  in  the rare earth ( 150^A^190) and 
a c tin id e  (A^220) regions. The ro ta tio n a l leve ls  were observed to  occur 
a t very low e x c ita tio n  energies re la t iv e  to  p a r t ic le  e x c ita tio n s . Also 
some nucle i were observed to  have la rge quadrupole moments and enhanced 
e le c t r ic  quadrupole (E2) t ra n s it io n  ra tes re la t iv e  to  estimates from 
the s ing le  p a r t ic le  model.
To exp la in  the data, the assumption o f cooperative e ffe c ts  o f a 
la rge number o f nucleons had to  be made. The re s u ltin g  c o lle c tiv e  
model o f the nucleus was seen to  have much success in describ ing the 
p rope rties  o f  these n u c le i. The la rge quadrupole moments could be 
accounted fo r  by assuming a permanently deformed nuclear shape. With 
the assumption o f a nonsperical shape, the ro ta tio n a l s truc tu re  re su lts  
from degrees o f freedom corresponding to  ro ta tio n  o f the nuclear 
p o te n tia l around some a x is  in  space. The ro ta tio n s  o f  the nuclear
shape lead to  nuclear s ta te s  which are Id e n tica l in p a r t ic le  s truc tu re
' « 4?
to  the ground sta te  and the t ra n s it io n  ra tes from these excited states 
can reasonably be expected to  be enhanced over tra n s it io n  rates between 
s ta tes w ith  d if fe re n t p a r t ic le  s tru c tu re s . The existence o f  low energy 
e xc ited  sta tes in even-even nuc le i is  expected since less energy is  
required to  ro ta te  a nucleus than to  break up a p a ir  o f nucleons and
2
promote one or both to  a higher o r b i ta l .
Thus the idea o f c o lle c t iv e  nuclear motion can e a s ily  e xp la in , 
q u a li ta t iv e ly ,  the p rop e rtie s  th a t could not be accounted fo r  by the 
she ll model. Of course a model must be able to  make q u a n tita t iv e  
p re d ic tio n s  fo r  the observable e ffe c ts . The experimental te s ts  o f 
model p re d ic tio n s  are nearly  as important as the development o f the 
theory i t s e l f .  In the past 15 years, in tens ive  th e o re tic a l and 
experimental in ve s tig a tion s  o f c o lle c t iv e  nuclear e ffe c ts  have been 
performed. With the advent o f Ge(Li) detectors and la rge m ultichannel 
ana lyzers, p rec ise  experimental data is being accumulated, thus making 
poss ib le  more d e ta ile d  te s ts  o f the theory. These experimental te s ts  
have a lready suggested new models or m od ifica tion  o f o ld  models to  the 
extent th a t the theo ries  are beginning to  include 2nd and 3rd order 
e f fe c tr  and the more recent m icroscopic the o rie s , which p o s tu la te  the 
nature o f  the forces between nucleons as a s ta r t in g  p o in t,  have led to  
ra the r r e a l is t ic  ca lcu la tio n s  o f p ro p e rtie s .
Even the e a r l ie s t  c o lle c t iv e  models in te rp re ted  the f i r s t  e xc ite d  
leve ls  o f  even-even deformed nuc le i as being members o f a band o f  leve ls  
a r is in g  from ro ta tio n s  b u i l t  upon the ground s ta te . This band is  
denoted as the ground-state ro ta tio n a l band. The n e x t'lo w e s t le ve ls  
have been in te rp re te d  as ro ta tio n a l leve ls  b u i l t  upon v ib ra t io n a l 
e x c ita t io n s . The v ib ra tio n s  are o f  quadrupole order and are c la s s if ie d  
as jS -v ib ra t ions i f  a x ia l symmetry is  preserved and ^ -v ib ra t io n s  i f  
a x ia l symmetry is  destroyed. Thus the ro ta tio n a l s tru c tu re s  b u i l t  
upon the v ib ra tio n a l le ve ls  are re fe rred  to  as jS- o r y - v ib ra t  Iona1 
bands. Since these bands are composed p f  leve ls  which are predom inantly
c o lle c t iv e  in na ture, a meaninfgul " c o lle c t iv e  model" must be capable 
o f describ ing some o f the p roperties  o f these le v e ls . One such property  
is  the electrom agnetic tra n s it io n  p ro b a b ilit ie s  fo r  t ra n s it io n s  between 
the v ib ra tio n a l and the ground-state bands. These p re d ic tio n s  are 
u su a lly  expressed in terms o f ra tio s  o f reduced t ra n s it io n  probar 
b i l i t i e s  from leve ls  in a v ib ra tio n a l band to  le ve ls  in  the ground- 
s ta te  band. The observed ra tio s  system atica lly  devia te  from the 
p re d ic tio n s  o f the s im plest c o lle c t iv e  model which tre a ts  the nucleus 
as a r ig id  ro to r . This dev ia tion  has been trea ted  by inc lu d ing  
coupling o f the v ib ra tio n a l bands to  the ground-state band ( to  f i r s t  
o rder) and mutual coupling o f the v ib ra tio n a l bands ( to  second o rd e r). 
Th is band-mixing has been approached th e o re t ic a lly  in several 
independent ways. Another e ffe c t o f band m ixing is  the depression in 
energy o f the leve ls  o f the ground-state ro ta tio n a l band. That the 
spacing o f the energy le ve ls  o f the ground-state band dev ia te  from 
the p re d ic tio n s  o f the r ig id  ro to r model is  w e ll known.
This th es is  represents an endeavor to  ob ta in  p rec ise  experimental
data from which the various band-mixing parameters can be ca lcu la ted .
These cac lu la ted  q u a n tit ie s  w i l l  be compared to  the p re d ic tio n s  o f
the various models. The nucle i, to  be investiga ted  are ^^G d , ^^D y ,
168and Er. These are a t t ra c t iv e  fo r many reasons: f i r s t l y ^  they
occur w ith in  the deformed region (150<A<190); secondly, these nuclei 
are populated by the decay o f the nuclei ^^E u , '^ T b ,  and ^^Tm which 
are re a d ily  produced and have.haIf liv e s  (16 years, 72 days, and 86 
days respec tive ly ) s u f f ic ie n t ly  long to  enable p re c ise  measurements; 
T h ird ly ,  these nucle i had reasonably well es tab lished  decay schemes
p r io r  to  the s ta r t  o f the in ve s tig a tio n ; and la s t ly ,  the three nucle i
cover the deformed ra re  earths from the t ra n s it io n a l region (^N iid ) to
168the center o f the deformed region ( E r) .
The emphasis in th is  work is placed on the prec ise  experimental
determ ination o f the properties o f j8-  and y -v ib ra t io n a l bands and the
ground s ta te  ro ta tio n a l bands fo r  the three nuc le i under study. The 
154nucleus Gd is  the only one o f the. three in  which a j3 -v ib ra tio n a l
154band is  observed. For Gd the e f fe c t  o f the m ixing o f /? and y
v ib ra tio n  w i l l  be studied as well as the m ixing o f the /3 band and
160 168y  band w ith  the ground-state band. The nuc le i Dy and Er a re ’
located in  a region o f deformation where the c o lle c t iv e  models should
154be more app licab le  than fo r  Gd which is  in  the t ra n s it io n a l deformed 
region. The nonoccurance o f a (3 v ib ra tio n a l band in  ^^D y  and ^®Er 
means th a t the m ixing o f the y  and ground-sta te  bands should lend 
i t s e l f  to  a more cons is ten t d e sc rip tio n  since the second order e ffe c t 
o f  /3-y  m ixing is  not present.
CHAPTER II 
COLLECTIVE NUCLEAR MODELS
Since th is  research is  concerned w ith  c o lle c t iv e  modes o f 
e x c ita t io n  o f deformed even-even n u c le i, the fo llo w in g  discussion 
w i l l  be re s tr ic te d  to  the c o lle c t iv e  models which attempt to  describe 
such n u c le i. Comparisons o f the experim enta lly  observed p rope rties  
o f the excited  sta tes o f  several deformed nucle i w ith  the various 
model p red ic tions  are made in Chapter V I. Conclusions concerning the 
re la t iv e  v a l id i ty  o f each model can be reached from these comparisons 
on ly  i f  the assumptions basic to  the fo rm ula tion  o f the models are a t 
leas t p a r t ia l ly  understood. Thus, th is  chapter w i l l  be concerned 
w ith  the discussion o f  the models which are experim enta lly  tested in 
th is  research and fo r  each model the band-mixing aspects w i l l  be given 
special emphasis.
The various c o lle c t iv e  models discussed here can be d iv ided in to  
two classes according to  the general approach taken. There is  the 
macroscopic class which tre a ts  the nucleus as a s e m i-r ig id  deformable 
mass and ignores i t s  in t r in s ic  s tru c tu re . This macroscopic approach
1 2 )
is  taken in the a d ia b a tic  sym m etric-ro tor model o f  Bohr and Mottelson *
3-5 10lf)the nonadiabatic sym m etric -ro to r model * , the ro ta t io n -v ib ra t io n
6 7) 8“ 12) model * , and the asym m etric-ro tor model " . M icroscopic treatm ents,
in  which the nature o f the nucleon-nucleon forces are postu la ted , has
been taken by M a rsh a le k^ ’ ^ , Bes'**’ ^ ,  and P a v lich e n ko v '^ . For
18)'more d e ta ils  on the va rious m odels,.the reader is  re fe rred  to  Preston , 
R o g e rs ^ ,  She I i n e ^ y  D a v id so n *^ , and Nathan and N ils s o n ^ .
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2 .1 ; The Adiabatic-Symmetric Rotor Model 
To account fo r  the observed ro ta tio n a l spectra and large
t
quadrupole moments o f  the ra re -earth  nuc le i (150£A£190), the nucleus
1 2 )is  assumed to  have a deformed e q u ilib r iu m  shape * . The radius o f
(1 2 3)the surface is  defined in terms o f a body-fixed set o f axes' * * 'and
its  po la r angles 0* and d 1. I f  on ly quadrupole shapes are considered^
the surface is  defined by
R (0 ',d ')=  R0C1 + S a 2ft y£ (0 ' , d ' ) ]  ( 2- 1)
where R  ̂ is  the radius o f a shperica l nucleus o f equal volume, the a ^  
are'expansion c o e ff ic ie n ts ,  and the (0 1 ,|61) are spherical harmonics.
Any c o lle c t iv e  motion is  expressed by a llow ing  a2^  to  vary in  tim e. 
According to  the theory o f angular momentum, the spherical harmonics 
transform  in the  fo llo w in g  way
y £ ( M )  ( 2- 2) ■
where D is  a m a trix  describ ing  ro ta tio n  through Euler angles ®, $
18)and 0 as de fined by Preston . The radius can be expanded re la t iv e
to  the la b o ra to ry  set o f  axes and is  given by
R ( M )  -  R0[1 +■ s « 2(| Y ^ e . r f ) ] ,  1 ( 2- 3)
where 0 and d are the po la r angles In the lab system and a 2̂  are the 
expansion c o e ff ic ie n ts  in  the lab system. From (2-1) and (2-3) I t  is  
observed th a t
s  a ,,, (e * . * • )  ’ • s a ta  (e ,< ) . ( 2-10
Using (2-2) and (2-4) the expansion parameters in the two systems are 
re la te d  by
. a2v B %  D̂ v ( (2"5a)
and
%  -  =  a2v < ■ £ /  . (*-5b )
Since the body axes are p r in c ip a l axes the products o f in e r t ia  are zero
18)
which im plies th a t a2 j = a2 _j = 0 and 822 = a2 -2 Thus agQ and 
a22» toge ther w ith  the Eulerian angles, which describe the o r ie n ta t io n  
o f th e  quadrupole nuclear shape, completely describe the system. Two 
va ria b le s , 3̂ and y , which have a more d ire c t physical s ig n if ic a n c e , 
can be defined in terms o f 82^ and 822 as
a20 = & COS y (2-6a)
and
a22 “  72 ^  sin y  * (2—6b)
These new va r ia b le s  are s ig n if ic a n t in  tha t they can be re la te d  d ir e c t ly
to th e  nuclear shape. The quan tity  )? is a measure o f  the to ta l
2)deform ation o f the nucleus , and using equations (2-6)
?  - s  l % l 2 ■ s  l % l 2 • (2 - 7)
2 2)
A lso , the p o te n tia l energy is p roportiona l to  jS and is  g iven by
v 4 c s  K J 2 -  j c#2 . (2 -8 )
• ' . M  . . .  ■
The s ig n if ic a n c e  o f the va ria b le  y  can be rea lized by w r it in g  the 
d iffe re n c e  between the deformed radius and the spherica l rad ius  along
8
the body fix e d  axes (1 ,2 ,3 ). Using (2-6) and (2 -1 ) keeping in  mind 
th a t * 2 ] m a2- l  "  °» the d , f ferences are
.6R(0* 1) *  R (0 ',r f ')-R  " V 5 / i 6ff R 0 [cosy( 3cos^0 '-1  )+ /3 s in y s in 20 ' cos2d* ] .0 v o
(2-9)
The increments along the (1 ,2 ,3 ) axies obta ined from (2 -9 ) are given by
6Rk =^5/16?!*j  cos(y -k |^ ) . (2-10)
From (2-10) i t  can be shown th a t fo r  y=»0 the shape is  a p ro la te  spheroid 
w ith  the 3 a x is  as the symmetry a x is . For y  = -r— or kit/ 3 the shape is
* I
a p ro la te  spheroid w ith  the 1 o r 2 ax is  as the symmetry a x is . S im ilariy, 
y  = IT, y  = 17/3, and y  = 5ff/3 y ie ld  ob la te  spheriods. For values o f y  
which are not m u ltip les  o f ff/3  the nuclear shape is an e ll ip s o id  w ith  
three unequal axes. The 3 a x is  is  commonly chosen to  be the symmetry 
ax is  and w ith  th is  convention, nuc le i w ith  p o s it iv e  quadrupole moments 
w i l l  then have y. = 0 .
2)The v ib ra tio n a l k in e tic  energy o f the surface is  given . in  the lab
system by
t  — -L Rr; I
T = £  BB l “ 2U| 2 (2- " >
where B is  a v ib ra tio n a l mass parameter. Using (2-5) and (2 -6 ), one can
express T in  terms o f the new va riab les :
T -  i  B(/52+|J2y 2) + i  I  . (2-12)
i  z k = l K K
In th is  equation, oj Is the angular v e lo c ity  o f the p r in c ip a l axes w ith 
respect to  the laboratory axes. As a re s u lt  o f  the trans fo rm a tion , th e ' 
k in e t ic  energy now has a ro ta tio n a l c o n tr ib u t io n  and the e f fe c t iv e
moments o f in e r t ia  are given by "
t&. m i»B/9Z s in 2(y-k^? ) . (2—13)
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For an a x ia lly  symmetric p ro la te  nucleus, y  « 0 and the e ffe c tiv e  moment 
o f in e r tia  fo r  c o lle c t iv e  ro ta t io n  about the symmetry ax is  (the 3 axis) 
is  ze ro .' P re s to n ^  p o in ts  ou t th a t t ^ j  « 0 does not s t r i c t l y  .hold true 
and in a c tu a lity  is ,  i f  not zero , very sm all. The moments o f in e r t ia  
about the o ther axes are found to  be equal and are
3B02 . (2-14)
To obta in the moment o f in e r t ia ,  the value o f B must be obtained from a
more de ta iled  model. For example, the l iq u id  drop model can be used
18)to  get a hydrodynamic moment o f  in e r t ia  . The ideas o u tlined  above
1 2 )were extended by Bohr and M otte lson * to  y ie ld  a phenomenological 
de scrip tio n  o f deformed n u c le i.  In  th is  d e sc rip tio n  the nucleus is  
assumed to  be a x ia l ly  symmetric (y  = 0) and the nuclear Hamiltonian is 
assumed, in zeroth o rde r, to  be separable in to  a* ro ta tio n a l and an 
in t r in s ic  p a rt. I t  is  fu r th e r  assumed th a t the ro ta tio n a l motion does 
not perturb the shape o f the p o te n tia l o r , in o ther words, the ro ta tio n  
is  so slow th a t the p a r t ic le s  can fo llo w  the motion ad iaba tica i iy .  The
i
quantum numbers fo r  th is  symmetric ro to r  are I ,  the to ta l angular
momentum o f the nucleus; K, the p ro je c tio n  o f I on the three ax is ; and
M, the p ro je c tio n  o f I on the  space-fixed Z a x is . There are a lso
quantum numbers describ ing  th e . in t r in s ic  s tru c tu re  o f the nucleus. Two
types o f v ib ra tio n s  are id e n t if ie d  fo r  the deformed ro to r . The /}
*  ■
v ib ra tio n s  is  one in  which the d is to r t io n  o s c il la te s  around a e q u ilib r iu m  
value, w hile  y  remains zero . This type o f v ib ra t io n  preserves ax ia l 
symmetry and consequently has no component o f angular momentum along 
the 3 a x is . Since the  ro ta t io n a l angular momentum about a symmetry 
a x is  is  zero, th is  impl ies th a t K ■ 0 fo r  th is  type o f  v ib ra tio n . The
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y  v ib ra tio n  is  one in  which y  o s c il la te s  about the e q u ilib r iu m  va lue,
70 “  0 and the /9 parameter remains constant. Since ax ia l symmetry is
v io la te d  fo r  th is  type o f v ib ra t io n , the K quantum number is  not a good
quantum number. However, i t  is  assumed th a t the o s c il la t io n s  in y  are
small and, th e re fo re  K is very nea rly .a  constant o f motion. The y
v ib ra tio n s  c a rry  two u n its  o f angular momentum p a ra lle l to  the 3 ax is
since they describe o s c il la t io n s  in the values o f the c o e ff ic ie n ts  o f
±2the spherica l harmonics Y2 . Since the component o f the angular
momentum o f ro ta t io n  along the 3 ax is  remains zero, the y  v ib ra t io n  is;
characterized by K => 2, The in t r in s ic  s tru c tu re  o f the nucleus is
described by the  quantum number N which is  the phonon order o f  the
v ib ra tio n . The va lue N => 1 corresponds to  a one phonon v ib ra tio n  which
is e ith e r  a 0 o r a y  v ib ra tio n  depending on the value o f K.
Under the assumptions th a t K is  a good zeroth order quantum number
even fo r  small dev ia tions  from a x ia l symmetry and tha t the wave fu n c tio n
is separable in to  an in t r in s ic  p a rt and a ro ta tio n a l p a r t,  because o f
the separation o f va riab les  in  the Ham iltonian, the 2eroth  order wave
k)func tion  is  w r it te n  in the form
|NKMI> |NK> (© ,$ ,0 ), (2-15)
8 7T
18)where the normal ized, ro ta tio n  m atrices o f  Preston '  are used. The
wavefunction |NKMI> is expressed in the laboratory system and |NK) is
expressed in the  body-fixed coordinate system. The a d ia b a tic  wave
k) '•function  can-be w r it te n
i : -  75<!m«>°Jk + Rt \ V > 0iK ) - <2- ' «
where the second term  Is added to  account fo r  the symmetrlesuunder
1
re f le c t io n  o f the nucleus and under ro ta tio n  abotit the symmetry axis.
b  O  'The operator Rj represents a ro ta tion , o f the nuclear p o te n tia l by 180 
about the 2 ax is  (thus Rj operates on |NK» and the opera tor Re" '  is 
an external ro ta t io n  o f the p o te n tia l and the body-fixed ax is  system 
180° in the o ther d ire c tio n . The opera to r Rl and Rfi"* have the fo llow ing  
p rop e rtie s  '
Re " 'D|I|K "  < -> '+K°A-K (2' ,7a)
R, |NK) = |NtK> . (2 -17b)
Because o f the symmetry under the combined opera tion  o f RjRe ^
|NKMI> ~  (|NK>D^k + ( - ) ,+K|N-K> D^_k) . (2-18)
I t  is  seen from equation (2-18) th a t an e x c ita t io n  w ith  K = 0 can have
o n ly  s ta tes w ith  even to ta l angular momentum, I .  Since K is  a p ro je c tio n
18)o f  I on the 3 a x is , a given K is. associated wi th a se ries  o f I values
I = K,K+1,K+2,. . .  . (2-19)
Therefore, a K ® 0 e x c ita tio n  can possess a ro ta tio n a l band o f energy
•+ ■ + + + + + 
le v e ls , 0 , 2 , k  a K »  2 .e x c ita tio n  has le ve ls  2 , 3  ........
The complete wave function  must then be w r it te n  as
INMKI > -  [ ------------  ] *  C | NK> + ( - )  ,+K |N-K> dJ ,^ ]  (2-20)
• l 6ff ( 1+6kq)
The Kronecker d e lta  occurs In th is  equation since both pa rts  o f the wave 
fu n c tio n  are equal fo r  K » 0.
With the form of the wave function given, we can consider the 
properties that the collective excitations should possess.
1. Energy Levels
1 2 )
The basic assumption made by Bohr and Motteison * '  is  th a t the
motion is  separable in to  in t r in s ic  and ro ta tio n a l p a rts . W ith th is
assumption, the Ham iltonian is
H » H, + H . (2-21)i n t ro t
In the expression ( 2- 12) fo r  the. k in e t ic  energy, the term 
3 2 ’ k2 2  “  2 de s c r ibes c la s s ic a lly  the ro ta tio n a l k in e t ic  energy
k=»1 k lc  V k
o f  a deformed body. Quantizing th is  c lass ica l k in e t ic  energy y ie ld s  
the ro ta tio n a l p a rt o f  the to ta l Hamiltonian
A  2
3 i :
Hr  . = 2  A -  . (2-22)
ro t k=l 2<̂
The energy eigenvalues o f the to ta l Hamiltonian are given by
E -  <NKMl|Hin t+ Hrot.|NKMI)
”  •  <2- 23>
where the assumption o f a x ia l symmetry given and tftj « 0  .
For the ground-sta te  ro ta tio n a l band, K is zero due to  the assumed 
symmetry and the energy leve ls  are given by
E, -  §£1(1+1) (2-2*0
18)For the v ib ra tio n a l bands the energy spacing o f the le v e ls  is  given 7 by
' 2
E, -  Eo + S jC K l+ 0  - ! p ( lo+ ! ) ]  , (2-25)
where Eq and 1̂  are the energy and spin o f the in t r in s ic  e x c ita t io n  o r
the "band-head". In accordance) with (2-19), lQ ■ K. (( v
* , V  A, *  I J,,V  ' ' 5 ' " r ■
■L e|«
From equation (2-24) this ra tio s  o f the energies o f  the 2 , 4 ,  and
4*
6 leve ls  o f the ground s ta te  ro ta tio n a l band are given by i :  10/ 3: 7.
The same ra tio s  are obtained fo r the /3 -v lb ra tio n a l bands. For y -
v ib ra tio n a l bands the ra tio s  o f.th e  energy d iffe re n ce s  between the
4* 4* 4* 4*3 , 4 ,  and 5 s ta tes and the energy o f the bandhead (2 s ta te ) are
given by (2-25) and are 1: 7/3: 4. The lo w -ly in g  le ve ls  o f the ra re -
earth  deformed even-even nuclei fo llo w  the ro ta tio n a l sequence o f (2-24)
on the average, to  w ith in  4% fo r the 6+ le v e l.  For the deformed nucle i
w ith  estab lished y -v ib ra tio n a l bands, the energy d iffe re n ce  w ith  the
bandhead energy fo llo w  (2-25) to  5% fo r  the 4+ y *v ib ra tio n a l le v e l.
The jS -v ib ra tiona i mode has been observed in  a lim ite d  number o f n u c le i.
For the nucle i '*^Sm and *^G d, the p re d ite d  energy spacing fo r the 4**
leve l is accurate on ly  to  25%. Thus the a b i l i t y  o f th is  simple model
to  exp la in  in zeroth order many o f the e xc ite d  s ta tes  in deformed nuc le i
is  demonstrated. However, the necessity o f  a more d e ta ile d  model is
ind ica ted by the magnitude o f the above d iscrepancies.
2. E le c tr ic  Q,uadrupo1e» T ra n s it ion P ro b a b ilit ie s
A nuclear model must adequately e xp la in  the re la t iv e  population o r 
depopulation o f the nuclear s ta tes . Q u a lita t iv e ly ,  the Bohr-Mottelson 
approach can exp la in  the enhancement o f the E2 tra n s it io n  rates from 
the lowest exc ited  sta tes in even-even deformed n u c le i. The lowest 
exc ited  sta tes represent states which are in t r in s ic a l ly  id e n tica l to  the 
ground s ta te  and which re s u lt from a col Ie 'c tive  ro ta t io n  o f  the nucleus. 
Because o f the s im ila r i ty  o f the in t r in s ic  s tru c tu re  to  th a t o f the 
ground s ta te , the tra n s it io n  p ro b a b ility  is  la rg e r than i f  these exc ited  
s ta tes were formed by p a r t ic le  e x c ita t io n s .. The enhancement o f  E2
t ra n s it io n  p ro b a b ilit ie s  over Ml t ra n s it io n  p ro b a b il i t ie s ,  fo r tra n s it io n s  
from le ve ls  in the and y -v ib ra t io n a l bands, is  a consequence o f these 
v ib ra tio n a l bands being a ttr ib u te d  to  quadrupoie shape v ib ra tio n s .
The basic assumptions and ideas presented above are not s u f f ic ie n t  
to  y ie ld  wave functions which can be used-in making q u a n tita tiv e  pre­
d ic tio n s  o f  tra n s it io n  p ro b a b il i t ie s .  To do th is  a d e ta ile d  knowledge 
o f the in t r in s ic  part o f the wavefunction Is needed. I t  is  poss ib le , 
however, to  consider the ra tio s  o f  t ra n s it io n  p o s s ib i l i t ie s  w ithout 
th is  d e ta ile d  knowledge o f the in t r in s ic  wave fu n c tio n .
The tra n s it io n  p ro b a b ility  per u n it  time fo r  the emission o f a 
gamma ray o f energy hw and m u lt ip o la r ity  <r\ between an in i t ia l  s ta te  
described by |N.KjM|I j ) and a f in a l s ta te  described by is  ^
T(ffX;N{K| 11 -»Nf Kf l f ) = L [2 L + l j l !  j 2 5 ^
x B(cr\;N jK j I j -* Nf Kf l f ) , (2-26)
which fo r  E2 tra n s it io n s  reduces to
T(E2;N.K| l J-N f Kf l f ) » ^ | ^ 5 B(E2;N| Kl l l - ^ f Kf l f ) (2-2?)
The ' B( E2) is  the reduced t ra n s it io n  p ro b a b ility  fo r  E2 ra d ia tio n  and is 
by d e f in i t i o n ^
B(E2jN)K .l .)  -  (2 I+ 1 ) - ' E | <Nf Kf Mf  I IN ^ M , I , > |2
liM.M,
1 f  (2-28)
Whereat (2 ,/i) is  the e le c t r ic  quadrupoie operator In the laboratory 
system and is  re la ted  to  the body-fixed  o p e ra to r^ ((2 ,v) by
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The m atrix element in (2-28) can be reduced by using the form o f the
operator in equation (2- 29) and the wave functions in equation (2- 20)
22)and the p ro p e rtie s  o f the ro ta tio n  m atrices described by Messiah ' .
The re s u lt is
<Nf Kf« f l f M)l/(2 >J j)|N |K |H| l | >
<1:M.2u|I M ,) /
L J  - T -  <Nf K l ||W.(2)l|N K I > (2-30)
( 2 l f  + 1) *  r  r r 1 1 1
where
<Nf Kf l f ||W./ (2)||N ,K ! l | > -  (21 |+ l ) ^  C(l ,K j2(K^-Ki ) 11
■ 1,+K, .
*  <Nf Kf |# ((2 ,K j;-K | ) |N |K| H ( - )  ' '<1 f (-K j).2(Kf +K() | <f Kf >
x <Nf Kf;|M .(2,K f +KI ) |N,K,>3 . (2-31)
For X <(K j+K f) in  (2-31) the la s t term vanishes and fo r  X < |K .-K f | both 
terms vanish. This is  known as K- forbiddeness fo r  /3-ray and y -ra y
i
tra n s it io n s  in deformed nucle i and is  e m p ir ic a lly  associated w ith  a 
hindrance fa c to r  o f  the order o f 10 to  100 fo r  each degree o f fo rb id ­
deness (A K -X). Both m a trix  elements in  (2-31) become equal when K2 
or K f(o r both) equal zero. I f  K2 °.K ^ *  0 , the fa c to r o f 2 which re s u lts  
in (2-31) is  cancelled by the fa c to r o f fo r  each wave fu n c tio n , due 
to  the Kronecker d e lta , 6^q, in  equation (2-20). I f  only one o f K2 o r 
Kf is zero, the fa c to r  o f  2 is  d iv ided  b y ./2 . For K̂ . th is  is  
summarized in  the equation
<Nf Kf -O lf ||4K /(2)||N i KI l j> -  (2 I ,+ I)C K1 ;
. x  !<I \ M ( * , -K ,)jN ,K , > ( 2- 32)
'where
(/ I  fo r  K, + 0
) fo r  K, -  0
Using (2 -3 2 ), (2-30) and (2-28) the expression fo r  B(E2) becomes
B(E2;N jK jI j - N f 0 l f ) -  2<l ^ , 2 - K , | I f 0>2<Nf 0 |# t(2 -K ,)  |N ,K,>2 (2-33)
since
S <1 .M j2̂ | l f Mf > =* 2 l f +» (2-34)
j ^ } Mf
For the case Kj = K̂ . « 0, the B(E2) is  analogous* to  (2 -33 ), except 
th a t the fa c to r o f 2 is  not present.
I t  can be seen from the above discussion th a t the assumption o f 
symmetry and a d ia b a t ic ity  leads to  a very in te re s tin g  re s u lt .  The to ta l
dependence o f the reduced E2 tra n s it io n  p ro b a b ility  on angular momentum,
I ,  is  contained in  a Clebsch-Gordan c o e f f ic ie n t .  Thus a r a t io  o f B(E2) 
values from a given member o f an exc ited  band is
B(E2;N|K| l | -<Mf Kf l f ) ^  <1 11f Kf >2 (2. 35)
B (E 2;N ,K ,l,-4 lf Kf l p  '  <1 ,K,2(Kf -K ,) 11 j,Kf >*
Experimental branching ra tio s  from members o f the p and y -v ib ra t io n a l 
bands have been comparedto these p re d ic tio n s  in many cases (see fo r  
example N ie lson2^ ) ,  and were found to  sys tem a tica lly  devia te  from the 
p red ic ted  ra t io s .  Thus there is  a d e f in ite  need fo r  co rre c tio n s  to  the 
a d ia b a tic  sym m etric-ro tor model.
2.2 Nonadiabatic Symmetric-Rotor Models 
The a d ia b a tic  symmetr ic - ro to r  model was observed to  jbe fa u lty  in  i t s  
p re d ic tio n s  o f B(E2) branching ra t io s . For the ground s ta te -ro ta tio n a l
band, the observed level energies are depressed in energy re la t iv e  to  
the p red ic tio n s  o f the sym m etric-rotor model. The magnitude o f the energy 
s h i f t  increases w ith  increasing leve l sp in , I .  The B(E2) ra tio s  fo r  
tra n s it io n s  between the y -v lb ra t io n a l band and the ground-state band 
are seen to  s ig n if ic a n t ly  d i f f e r  from the sym m etric-rotor p re d ic tio n s .
) j-n 9C\
The experimental ra tio s  fo r  the nucleus Sm as measured by Reidinger
166 26) and fo r  the nucleus Er as measured by Gunther and P ars ignau lt are
compared, in tab le  1, to  the p re d ic tio n s  o f the a d ia b a tic  symmetric-
ro to r model. No experimental value l ie s  w ith in  one standard dev ia tion
o f the th e o re tic a l value and the discrepancies are la rge.
In view o f the poor agreement o f the ro ta tio n a l model w ith  
experiment, the basic assumptions made in the fo rm u la tion  o f the model 
must be questioned. The most questionable assumption is  the a d iaba tic  
assumption th a t the ro ta tio n a l and in t r in s ic  motions are com pletely 
separable. This assumption is  equ iva len t to  assuming th a t the nucleus 
is  a r ig id  mass. Since the most general assumption in nuclear s tru c tu re  
theory is  th a t the nucleons move re la t iv e ly  independent o f each o ther in 
the average p o te n tia l set up by the o ther nucleons, the r ig id i t y  o f  the 
nucleus is  questionable. For a n o n -r ig id  nucleus, i t  is  very l ik e ly  
th a t ro ta tio n  o f the system w i l l  d is tu rb  the in t r in s ic  s tru c tu re . For 
example, th is  d isturbance could be considered in the c la ss ica l terms o f 
ce n tr ifu g a l' s tre tch in g . This s tre tch in g  increases w ith  the frequency o f 
ro ta t io n , re s u lt in g  in the high sp in members o f the ro ta tio n a l spectrum 
d ev ia ting  more from the a d ia b a tic  law than the low spin members,
The Bohr-Mottelson model has been corrected to  include coupling o f 
the In t r in s ic  and ro ta tio n a l m otion.; The re s u lt o f  th is  coupling is  tha t
18
Table 1. Experimental and th e o re tic a l ra t io s  o f reduced E2
tra n s it io n  p ro b a b ilit ie s  from members o f the y  bands 
In 152Sm and l66Er.
1, -  l f B(E2) ra tio s







0.42 ±0.03’ 7 , 0.70
2 - 0
2 - 4
4 .19 ;±0.6 l v , 14.0
2 -» 2 
2 - 4
10. 0.: , ± 1.4 ■ 20.0
3 - 2  ; 
3 -  4 A V
1*00 ±0.05 1.31 ±0.10 2.50
4 — 2 
4 -  4




6 - 4  
6 — 6
0.075*0.004 0.27
7 - 6  





a) from reference 25.
b) friom reference 26.
c) p re d ic tio n s  o f the a d iab a tic  sym m etric-ro tor model.
the wave functions fo r  the 0 , y , and ground-state bands are mixed. The
t
mixing o f the bands re su lts  in co rre c tio n s  to  the E2 branching ra tio s  
and to  the energies o f the ieve is  in the ground-state ro ta tio n a l band..
a. P ertu rba tiona i Approach
One method o f inc lud ing  the ro ta t io n -v ib ra t  ion in te ra c tio n  is to  
assume the nucleus to  be a x ia lly  symmetric to  f i r s t  order and to  tre a t 
the in te ra c tio n  as a p e rtu rb a tio n . This approach is  taken Bohr and 
M o tte ls o n ^ ^ ,  Nathan and N ils s o n ^ , Hansen e t a l . ^  and L ipas*^. The 
actual form o f the in te ra c tio n  is  not o f concern as the Hamiltonian and 
the admixed wave functions w i l l  be w r it te n  in  a general way leaving the 
unknown t ra n s it io n  m atrix  elements to  be determined by the f i t  to  the 
experimental data.
The Ham iltonian (2-21) is amended w ith  a series expansion o f the 
coupling Ham iltonian in terms o f the to ta l angular momentum opera to rs, I 
expanded in  the most general way cons is ten t w ith  invariance requirements 
The amended Ham iltonian is  given by
I ' ' .
■ -  Hi „ t  ♦  Hro t ♦  ho < '2 -  ^  H ( ,+ 0  (2- * >
where
+ h , l |  . (2-37)+ |  -  « |  +
The term * + (o r T_) is  the angular momentum operater in the body-fixed 
system which operates on the and lowers (ra ise s  fo r  ?_) K by one 
u n it ,  and h operate on the in t r in s ic  wave fu n c tio n  changing K by i
X
u n its . The la s t  term in (2-36) describes coup11ngs between s ta tes o f 
equal spin quantum numbers. The I « 1 term in the expansion leads to  
the coupling o f le ve ls  w ith  A K  ■ 1. Since we wish to  describe the
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in te ra c tio n  between the K = 0 ground-sta te  band and the K ■ 0 and K ■ 2 
quadrupo ie -v ib ra tiona l bands, we can s im p lify  th ings by neg lecting  the 
mixing w ith  the K « I s ta tes which u su a lly  occur a t h igher e x c ita t io n s . 
Therefore we neglect the i = 1 term In the expansion. The I -  2 term 
leads to  coupling o f leve ls  w ith  A K  *  2 and the re fo re  w i l l  be Important ■ 
fo r  the purposes o u tlin e d  above. Thus the Ham iltonian becomes
H ■ Hin t  + Hro t + ho<’ 2 '  '*>  + h+2>- + h- 2 ^  •
5)Upas has derived the coupling terms above in  a s tra ig h tfo rw a rd  
treatm ent. The pe rtu rba tio na l Ham iltonian Is  th a t which is  to  ba added 
to  equation (2 -21). Equation (2-21) is  based on the assumption o f an 
a x ia l ly  symmetric nucleus, i .e .
.  4 , .  «t + «*3 (2-J9)
In the pe rtu rba tion  approach the nucleus is  no longer considered as 
a x ia l ly  symmetric a t a l l  tim es. The p e rtu rb a tio n a l Ham ilton ian, MJ is  
then given by
-  A ,(t8 + I 8) + A2( t f  -  (2-l*0>
where .2  - - ,
- 2rf0 >
and (2 -M )
*2 *2
The f i r s t  term in  (2-40) can be expressed as A j( l  -  13) and the second 
term can be expressed In terms o f the ra is in g  and lowering operators as 
2 A j( l^  + i f )  and we have the form o f the coup ling  terms In equation (2 -38).
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Thus we see th a t the coup1ing terms in (2-38) can be derived in  a 
s tra igh tfo rw a rd  manner.
Returning from th is  d ig ress ion , the nuclear wave func tion  o f
<
equatjon (2-20) must be m odified to  inciude the nonadiabatic c o rre c tio n . 
The coup]ing 'term s o f equation (2-38) are trea ted  by f i r s t  order per­
tu rb a tio n  theory. The p e rtu rb a tio n  amplitudes can be derived through
lMthe use o f the fo llo w in g  re la tio n s  o f  Marshalek
tfcDHK "  *  K )<‘ T K + *  1 (2' k2a)
h , -  h .+
“ j ' (2-i*2b)
h_j ■ T h j T**1
where T is  the time re f le c t io n  operator which has the e ffe c t on |NK) o f 
rep lacing K by -K. I f  one neglects to  w r ite  the quantum number H, the 
perturbated wave fu n c tio n s , JNKI) are expressed as a combination o f the 
unperturbed wave fu n c tio n s , |NKI)0 , and are g iv e n ^  by
|0 0 1 > -  |001>o - f ^ y i )  |10I>0 -cy f y ( l )  |12I>0 (2 -k U )
|10I> -  | lo l> 0 +e(}f jj ( , )  |00 i>o +Cf t ,fy ( i ) | l 2 i> 0
|I2 I>  -  1121 >0 + 4 [ l+ ( - ) ,]fey f y ( l) |0 0 l> o-Cj9yfy ( l ) |1 0 l> | ]
(2 -M c )
where • 1001) are the wave functions o f  the ground-state band, 1101> 




"  ~ E, o - Eoo
(2-44a)
^ “ 10 “00
and
( l2 |h « |0 0 )
«v a — e— ( 2‘ ^ b>'  12 ‘'OO
are the reduced coupling amplitudes which depend on ly on the in t r in s ic  
va ria b le s . The energies in the denominators o f (2-44) are the bandhead 
energies. The moments o f in e r t ia  o f the bands are assumed to  be equal. 
The spin dependent p e rtu rb a tion  amplitudes fo O ) and f  ( I )  can be 
determined from the p e rtu rb a tio n  m a trix  elements and are
f J \ )  = 1(1+1)
*  i  (2-*»5)
f  ( I )  = [2 (1 -1 ) I (1+1)(1+2)]* .
y
Equations (2-43) include m ixing between the f} and y bands as w e ll as the 
m ixing between the ground-state and the v ib ra tio n a l bands separa te ly .
The .e ffe c ts  o f the p e rtu rb a tio n  on the p rope rties  o f the c o lle c t iv e  
e x c ita tio n s  w i l l  now be considered.
1'. Energy Levels
The energies o f  the ground-state ro ta tio n a l band may be given by
the expansion
2
E (l)  - I j l O + l )  -  B l2 ( l+ 1 )2+ . . .  (2-46)
where B is  a parameter which describes the n on a d iab a tic ity  o f the 
ro ta t io n .
The c o n tr ib u tio n s  to  the energy s h if ts  o f the leve ls  o f the ground 
s ta te  band can be ca lcu la ted  using the perturbed wave func tions  o f  (2-43a)
]L)
and are given , to  second order, by
E, -  <001|H( |0 0 l> (2-47)
‘  V (E'2  '  Eoo) l ( l + , )  -  t f o (Ei 0' E00)+ 2S  (eu ’ eoo) : | |2 ( |+ ,>2 •
We see th a t the m ixing w ith  the y band re su lts  in a c o n tr ib u tio n  to  the 
1(1+1) term. This can be considered as a renorm aliza tion  o f the moment 
o f in e r t ia .  This co n tr ib u tio n  is  n e g lig ib le  since c is  small in
y
2
comparison to  h  /2 ^ . The band-mixing co n trib u tio n s  to  the expansion 
parameter, B, in (2-46) can be w r it te n  as
Bp = ■
By  -  - 2V  EI2 ’
where EQ0 is  taken to  be zero.
2. E le c tr ic  Quadrupoie T ra n s itio n  P ro b a b ilit ie s  
The co rrec tion s  to  the B(E2) branching ra tio s  o f the 0- and y- 
v ib ra tio n a l bands can be made by using the m odified wave func tions  in the 
t ra n s it io n  m a trix  element. In the d e riva tio n  o f the new form o f B(E2), 
i t  is  assumed th a t the in t r in s ic  quadrupoie moments o f the bands are 
equal, th a t is
<12|Q(E2) 112>=»< 101Q.(E2) 110>=<00 |Q.(E2) 100> = QQ0, (2-49)
where Q(E2) is  the e le c t r ic  quadrupoie opera to r. A lso, terms quadra tic  
in  e and terms p ropo rtiona l to  ( l2 |Q (E 2 )|10) are neglected. The la t te r  
term is  n e g lig ib le  due to  the assumed*^ poor overlap o f the wave func tions  
o f the 0 and y  bands re la t iv e  to  th e ir  overlap w ith  the wave functions 
o f the ground-state band, in o ther words
<12|a(E2) 110) -  <^,«< !2 |Q (E 2)|00>  «
and
<^,«<10|<l(E2)|00> -  .
With these assumptions the B(E2) value fo r  a tra n s it io n  from <
25)o f  the y  band to  a leve l 1̂ . o f the ground-sta te  band is 
B(E2;12I j- 0 0 lf ) -  B0<E2;12I ,-001 f ) [ l+ z y Fy ( l  , ,  I f )
+zjSyFjSy( 1 | , l f ) ‘l
where
<1220 | 1 2 )
V , i , l f^ *  / 2 k  <1 .2 2 -2 11 f 0>
<1.200| I f 2)
4 0  + (- )  I ]  f y ( l | )  < , I 2 2 -2 | lf 0>
and
I ,  f j l . )  < l,2 0 0 |l.0 >
- i C H ( - )  <, •
25)
For a tra n s it io n  from the band, the B(E2) value is  
B (E 2 il0 l j-«00lf ) -  Bo (E 2 ;10 l|- 0 0 1 f ) [ l + z ^ ( l  , , l f )
where Oqo
*0  "  ' V  ^
(2-50) 
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"  (2_59) 
<1.22-211.0)
P j j y O y l f )  “ / S f y O i )  <1 .20011 .̂0) * (2-60)
In the above equations, Bq(E2) is  the unmixed reduced t ra n s it io n  
p ro b a b ility  and the z fa c to rs  are the spin independent m ixing parameters. 
The F fa c to rs  have been ca lcu la te d  and tabu la ted  by L ip a s ^  . However, 
in  h is  work, Lipas chose to  de fine  z^  » 2(QQQ/0jg)c^ and the re fo re  h is  F 
fa c to rs  are not a p p ro ria te  to  the d e f in i t io n  o f za <above. The d e f in it io n  
o f the Zp parameters above are those o f Marshalek , Nathan and 
Nilsson**) , Reidinger2”̂ , and Gunther and P a rs ig n au lt2^ . The appropria te  
F fa c to rs  fo r  these d e f in it io n s  are given in  ta b le  2.
Table 2. The co rre c tio n  fa c to rs  fo r  the reduced E2 t ra n s it io n
p ro b a b ilit ie s  between members o f  the 0 and y  bands and 
members o f the  g round-sta te  band.
■l ' f
B(E2; 121 .-O01,) i f
Bo (E 2 ;1 2 l j -0 0 l f )
B(E2; 101 j-OOl f ) '
B (E2; 101 .-*001.) 
o I f
I 1 + 2 [ i+ ( 2 i+ i ) z y+ K i - D z ^ ] 2 , [ l + 2 < 2 M ) z -  ( l - 2 ) ( l - 3 ) C -  f
1 1 + 1 i—
i + + N) >«✓ i_1 N
» 1 [ i . « y  f '  ( i + O ^ ] 2 [1 + 3 ( l-1 ) ( l+ * )C f t , ] 2
1 1 -  1 i—
i I I ■_i t
o
1 1 - 2 [ 1- ( 21+ l ) 2y+ ( l + l ) ( l + 2)z /5y] 2 C l-2 (2 l+3)z)}- ( l+ 3 ) ( l+ ' t ) £ f t / ] 2
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From the exp e rim e n ta lly  observed gamma-ray energies and in te n s it ie s ,  
B(E2) branching ra t io s  may be ca lcu la ted  using
A 5
B(E2; I.K. -  l fKf fe< I,- Ip 
B(E2; I.K. -  IJKf) “ U'd,? l f )J
J y ° r  (2-61)
V ' l - '  f>
w he re jly  is the re la t iv e  gamma-ray in te n s ity  and is  the gamma-ray
energy. Comparing the experimental B(E2) ra tio s  to  the Bq (E2) ra t io s ,
which are the ra t io s  o f the square o f Clebsch-Gordan c o e ffic ie n ts
(eq. 2-35), y ie ld s  values o f the m ixing parameters z^  (a lso  re fe rred  to
as zo) and z: (a lso  re fe rre d  to  as z ^  . From equation (2 -55 ), the j3-y
mixing amplitude is  seen to  vanish fo r  odd sp ins, I . .  Thus the reduced
tra n s it io n  p ro b a b il i t ie s  from odd spin le ve ls  w i l l  be unaffected by the
mixing o f the /3 and y  bands. Adopting the z^  values obtained from odd
spin leve ls in the y  band a llow s one to  ca lcu la te  the z ^  values. The
z ^  values can then be used to  ca lcu la te  values using equation
(2-58) and the Bo (E2)f va lues measured in Coulomb e x c ita t io n  experiments.
The Zp values can then be re ca lcu la ted  using the value o f . These
reca lcu la ted  z^ parameters are the m ixing parameter corrected fo r m ixing
o f the j3 and y  bands.
The p e rtu rb a tio n a l approach to  band-mixing is  v e r if ie d  i f  a
consistent set o f  m ix ing parameters are obtained in the f i t  o f the
a d iaba tic  B(E2) ra t io s  to  the experimental ra t io s . This is a consequence'
o f the mixing parameters being ra tio s  o f unknown m atrix  elements. I f  a
consistent set o f  z a and z is  obta ined, then m ixing o f the f} and y
p y
bands is sm all. However I f  /9-y m ixing is  not n e g lig ib le  a one parameter 
ana lys is  wi 11 not g ive  a cons is ten t se t o f  z^ o r Zy. For /3-y m ixing,
■ : ... ■ ■ - .. ' V' - .v ; . •
27
the va lues, ca lcu la te d  using the unmixed z^ values from odd spin
le ve ls  in the y  band, should be cons is ten t i f  the p e rtu rb a tio n a l
approach is  v e r i f ie d .  A lso , using the values ca lcu la te d  from z ^ ,
25)a cons is ten t o f zQ should be obta ined. In a recent work, R eid inger 'P
obtained a con s is te n t two parameter d e sc rip tio n  o f the m ixing o f  the
152 154y  and ground-sta te  bands fo r  Sm and Gd. The m ixing o f  the p  and
ground-state bands d id  not g ive a cons is ten t set o f m ixing parameters, z^.
The u n c e rta in tie s  in the m ixing parameters are re la t iv e ly  la rge  and i t
154should be o f in te re s t to  see i f  more precise measurements fo r  Gd
w i l l  y ie ld  a con s is ten t two parameter band-mixing fo r  the /? and y  bands.
In a d d it io n  to  p -y  band m ix ing, there w i l l  be another second order
co rre c tio n  to  Bq(E2) i f  the in t r in s ic  quadrupoie moments o f the p , y ,
and ground-sta te  bands are d if fe re n t .  In th is  case (2-49) does not
hold and the c o rre c tio n  fa c to r  fo r  BQ(E2) w i l l  con ta in  an a d d it io n a l
m ixing parameter. The a d d itio n a l m ixing parameter would comp1ica te  the
phenomenological band-mixing a n a lys is . In th is w o rk ,  we w i l l  neg lect
th is  second o rde r e f fe c t  as the a va ila b le  data on the in t r in s ic
quadrupoie moments o f  p  and y  bands is  scarce and where known, the
u n c e rta in tie s  are q u ite  la rge . A lso more th e o re tic a l work has been
devoted to  band m ix ing , a lthough M ottelson has described the band-mixing
treatm ent to  account fo r  v a r ia t io n  o f the quadrupoie moments o f the
27)c o lle c t iv e  bands.
b. R o ta tio n -V ib ra t Ion Model
As an a lte rn a t iv e  to  inc lud ing  the nonadiabatic band-mixing e ffe c ts  
as a p e rtu rb a tio n  to  the symmetric ro to r ,  Faessler and G re in e r^  developed 
a model which is  based on the same assumptions as the p e rtu rb a tio n
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treatm ent but which tre a ts  the ro ta t io n -v lb ra t ion in te ra c tio n  is  a very 
ca re fu l manner. A numerical d iag o na liza tio n  o f the various m atrix  
elements invo lv in g  a Hamiltonian very s im ila r  to  th a t o f  equation (2-38) 
is  performed. The amplitudes o f  admixture o f the c o lle c t iv e  s ta te  
functions are ca lcu la ted  and given in terms o f three parameters which 
must be f i t  to  the p a r t ic u la r  nucleus. These parameters are the energies 
o f the f$ and y  bandheads and the recip roca l moment o f in e r t ia  o f the 
ground-state band. Faessler, G re iner, and S h e lin e ^  g ive tab les o f 
leve l energies and wave functions fo r  the members o f the ground-sta te , 
j3, and y  bands. From the ta b le s , i t  is  poss ib le  to  determine the 
reduced E2 m a trix  element and thus to  ca lcu la te  B(E2) branching ra tio s  
from the leve ls  in the /9 and y  bands. The comparison o f experimental 
ra tio s  w ith  the p re d ic tio n s  o f th is  model should demonstrate whether 
i t  is  necessary to  use such an exact ana lys is  in the nonadiabatic 
treatm ent.
In the previous d iscussion, the deformed nucleus was assumed to  be
in which th is  assumption is  not present. Thus i t  is  o f  in te re s t to  f in d  
i f  th is  asymmetric ro to r  model is  capable o f describ ing  nuclear phenomena.
I f  i t  is  assumed th a t the shape v ib ra tio n s  are o f the quadrupoie 
type , equation (2 -1 ), the Hamiltonian can be w r it te n  as the sum o f the 
k in e t ic  energy o f  equation (2-12) and the p o te n tia l energy o f equation 
(2 -8 ). Using (2-13) fo r  the moments o f in e r t ia ,  the Ham iltonian is
2.3 Asymmetric-Rotor Models
8- 12)a x ia l ly  symmetric. Davydov and co-workers '  have developed a model
H -  - j  B(02+02y 2) + (2-62)
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This equation can be quantized in a five -d im ens iona l coord inate space,
where the va ria b les  are the three Euler angles, and the shape
21)parameters /9 and y.  This leads to  the equation
A 2
f  *L  r-L tJ* 4. - J   d '/ r ln  d \ l I  'k   ..... .i  on u i± jk/Q ip  iO ' 2 a»i (s in  3y jiy) 2 2 .
0 * ^  0s in 3y ĵS k=l s in  ( y - k 2ff)
*
+ J  C)323 ^(©, $ , i f ) ,  /J, y) = E0(0, $ ,  I f ) ,  p ,  y) . (2-63)
There have been several approaches to  o b ta in  approximate so lu tio ns  o f 
th is  equation and these approaches w i l l  now be considered.
a. Davydov-Fi1ippov Model
I f  in  equation (2-62) the vales o f p  and y  are fix e d  as j8Q and yQ
then the nucleus is  a r ig id  ro ta to r .  Using th is  approach, Davydov and 
8)F ilip p o v  obtained the Schroedinger equation 
2 3
[ E  ----- 5J *---------- ]  if) a  E lf) . (2-6*0
8B/3q k=»l sin (yo-k2ff)
The e igenfunctions o f th is  equation cannot be described by K, which is  
a good quantum number on ly  when y Q = 0 (a x ia l symmetry). The wave 
fu n c tio n  must be w r it te n  as a sum over the various values o f K:
* , m . s a k | kh.>
where IKMI> Is given by an expression analogous to  equation (2 -20 ). In
tH
th is  equation A„ is  the y  -dependent am plitude o f the K—  c o n tr ib u tio n  
K O
18)to  the sum. As pointed out by Preston , K assumes a l l  even values 
less than o r equal to  I . However, fo r  odd I ,  K *  0 Is excluded, so th a t
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there are no predicted I =» 1 s ta tes  and an I = 3 s ta te  has K = 2. Thus
4* +  +
the expected exc ited  states are one 0 s ta te , two 2 s ta te s , one 3
4*s ta te , three k sta tes e tc . .  The energies fo r  these s ta tes can be
2 2ca lcu la ted  In u n its  o f h  ABj8 as a fu n c tio n  o f y  . The energies o f  the
+ 8) f i r s t  two 2 states are given ' b y
(2) .  9(1 -  -j 1 -8 /9  s in S y p )
1 . 2, 
sm  3yo
f o (2) -  9(1 t - 4 1 - 8 /9  s in  3yp )
 _____  (2-65)
‘ 2„ \
:2' 2
s in  3yo
2 2where e is  the energy in  u n its  h  AB/J . The parameter, y  , cannot be 
ca lcu la ted  from the model but must be found from the energies o f the 
f i r s t  two 2+ sta tes by using (2 -6 5 ).
Davydov and F il ip p o v ^  and Davydov and Rostovsky"^ give p red ic tio n s  
o f the reduced tra n s it io n  p ro b a b il i t ie s  between some o f  the asymmetric 
ro tp r le ve ls . These are:
b (E 2 ;2 *-0 )- J  , <2. 66a)
(e q£/16 it) '||9 -8 s in  3y
b(E 2 '2"-0) = \  [1 -  3r 2s.inu- ^ t] . ,  (2-66b)
9-8s i n 3y
. %
b(E2;2"-»2') -  ^  SIJ}- 3̂ ----- , (2-66c)
9-8s i n^3y
b(E2;3-2") « | |  [1 + 3“ 2 s i r i f (2-66d)
ZO i 2
\9 -8 s  in 3y
b(E2;3"*2‘ ) °  | §  [1 -  l " 2 s . (2-66e)
™  - '9 -8 s in  3y
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In these equations, 2 ' and 2M re fe r  to  the f i r s t  and second 2 s ta te s . 
The experimental B(E2) ra tio s  can be compared to  these p re d ic tio n s  to  
serve as a te s t o f the model.
As a re s u lt  o f the p re d ic tio n s  o f equations (2-65)
€ ,(2 ) + c2(2) -  €.(3) (2-67)
211Davidson used the a va ila b le  experimental data and found th a t (2-67) 
is  obeyed q u ite  w e ll,  w ith  dev ia tions being less than 1% in  almost a l l  
cases.
b. Davydov-Chaban Model
The most notable fa i lu re  o f the Davydov-Fi1ippov model is  i t s
in a b i l i t y  to  exp la in  exc ited  0 sta tes in deformed n u c le i. The most
obvious source o f th is  problem is  th a t 0 and y  were held f ix e d  in the
approach. The in c lu s io n  o f 0 and y  v ib ra tio n s  should improve the
asym m etric-ro tor model.
Davydov and C haban^ assumed th a t the nucleus was r ig id  against
y  v ib ra tio n s  but not against 0 v ib ra tio n s . The Ham iltonian conta ins
21)but fou r degrees o f freedom and is given by
H *  • ' m  [ - f  35 (03 35>- '  “ *2 ^  — r 5---------- ]03 0  0 40 k»l s in  (y-k27r)
3
(2- 68)
The Schroedinger equation is separable in to  a ro ta tio n a l p a r t ,  s im ila r
21)to  (2 -6 4 ), and a v ib ra tio n a l p a rt. Davidson '  has obtained the eigen­
func tions  o f the v ib ra tio n a l Ham iltoniap. These e igen functions are 
defined in  terms o f a s t if fn e s s  o r n o n a d ia b a tic lty  parameter, /x, which
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*4*is  found from the experimental energies o f the /3 bandhead and the 2 
member o f the ground-state ro ta tio n a l band and is given by
E (2) l
M - C * W  U -69)
P
The sm aller the value o f fx, the more r ig id  the nucleus is  aga inst £ 
v ib ra tio n s .
The B(E2) ra tio s  from exc ited  leve ls  have been p red ic te d  by Davidson 
28)and Davidson . The ir p red ic tion s  take the form
B(E2;|.-M f ) = Ba(E 2 ;l.- * lf )Sv v , (2-70)
Where Bg(E2) is the ad iaba tic  p red ic tio n  o f equation (2-66) and S ,
conta ins the v ib ra tio n a l c o n tr ib u tio n . This fa c to r is  evaluated by
28)Davidson and Davidson who then give p red ic tio ns  o f B(E2) ra tio s  as 
func tions  o f fx and y  in graphic form.
3 2.4 M icroscopic Models
The p rev iou s ly  discussed models have been macroscopic ones which 
t re a t  the nucleus as a. s e m i-r ig id  deformable body. The in t r in s ic  
s tru c tu re  has not been considered. Ip recent years the re  has been much 
th e o re tic a l in te re s t in the nature o f  the nucleon fo rce s . The physical 
p ic tu re  taken is  th a t o f nucleons moving re la t iv e ly  Independent o f each 
o the r in an averaged centra] p o te n tia l.  The motion is  no t s t r i c t l y  
independent as there  is  considerable evidence to  suggest th a t c o rre la tio n  
e ffe c ts  are im portant. However, the dominant p a rt o f the p o te n tia l is  
taken to  be compatible w ith  the assumption o f n o n -in te ra c tin g  nucleons. 
The nucleon-nucleon in te ra c tio n  is  expressed as a m u ltip o le  expansion 
in  terms o f the cen tra l nucleon coordinates
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v ( | * V r . | )  “  S V ^ ( r } ,r j)P ^ (co s  Q .j)
X
or
V ( |7 . - r \ | )  « Mq+ V2P2(cqs0. j )  + (h igher order terms)
where the d ipo le  term (X = 1) has been neglected as i t  re fe rs  to  a center 
o f mass displacement. The X = 0 term is  the spherica l p o te n tia l which 
is  ju s t  the Hartree-Fock p o te n tia l. The X = 2 quadrupoie term is 
id e n t if ie d  as the source o f long-range c o rre la tio n s  and is  responsible 
fo r  quadrupoie deformations. The higher o rde r terms have short-range 
character due to  the higher order o f the Legendre po lynom ia ls* * ^  . Thus, 
these combined terms are trea ted  as res idua l in te ra c tio n s  which give 
r is e  to  short-range co rre la tio n s  or the w e ll known p a ir in g  tendency o f 
l ik e  nucleons. Whereas the quadrupoie term tends to  g ive  a deformed 
shape, the p a ir in g  term acts in such, a way th a t a spherica l shape re su lts . 
For spherical n u c le i, the X = 0 and p a ir in g  terms are dominant. In the 
deformed n u c le i, the X = 2 term is  im portant. In the m icroscopic theo ries ,
the p a ir in g  fo rce  is considered as a mechanism o f in te ra c tio n  in a d d itio n
29) 30)
to  the quadrupoie term. Bohr, Mottelson and Pines , Bogolyubov ,
21] * 
and V a la tin  developed the formalism o f the p a ir in g  f ie ld .  This
32)form alism  is  analogous to  th a t o f Bardeen, Cooper, and S ch ie ffe r '  fo r  
e le c tro n  p a ir in g  in a superconducting medium. In the nuclear case the 
nudleons are assumed to  move in an a x ia l ly  symmetric dedormed f ie ld  
re s u lt in g  from the quadrupoie forces between the nucleons.
The necessity  o f the p a ir in g  f ie ld  in  the d e s c rip tio n  o f deformed 
nuc le i is  e xh ib ite d  in  several ways. The e m p ir ic a lly  observed p a ir in g
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energy gap, the reduction  in  the e ffe c t iv e  moment o f in e r t ia  below th a t 
o f a r ig id  ro ta to r ,  and the  spherica l shapes observed fo r  nucle i composed 
o f closed, o r nea rly  c losed , s h e lls  o f nucleons demonstrate the need 
to  consider p a ir in g  c o r re la t io n s . The C o r io lis  fo rce  re s u ltin g  from 
ro ta tio n  o f the nucleus is  expected to  a f fe c t  the p a ir in g  between 
nucleons ju s t  as i t  pe rtu rbs  the quadrupoie f ie ld  and leads to  c e n t r i­
fugal s tre tch in g . The p a ir in g  fo rce  couples two p a r t ic le s  in -tim e - 
reversed s in g le -p a r t ic le  s ta te s . The C o r io lis  fo rce , on the o ther hand, 
acts in opposite d ire c t io n s  and tends to  decouple the p a ir .  As the 
ro ta tio n a l energy increases, the C o r io lis  fo rce  becomes more im portant
and competes w ith  the p a ir in g  fo rce  and the p a ir in g  c o rre la tio n  among
33)the p a rt ic le s  can be destroyed. M ottelson and V a la tin  developed th is  
concept and p re d ic t fo r  A = 180 a c r i t ic a l  angul*ar momentum o f 12, 
above which the g round-s ta te  ro ta tio n a l band w i l l  break down.
The inc lu s io n  o f p a ir in g  between nucleons w ith  the quadrupoie fo rce  
between nucleons has been done in  the. developement o f m icroscopic models 
o f deformed nuc le i by M a rs h a le k ^ ’ ^ , B e s ^ * * * ^ ,  and Pavl ic h e n k o v *^ . 
These models should enable one to  describe p rop e rtie s  o f  nuc le i in  a 
more comprehensive way.
a. M arshalek's Model
The a d ia b a tic  sym m etric -ro to r model is  based on the assumption th a t 
the moments o f in e r t ia  remain constant a t a l l  tim es. The nonadiabatic 
sym m etric-rotor model a llow s  the moments o f in e r t ia  to  vary. The non­
ad iaba tic  r o ta t io n -v ib ra t  ion in te ra c tio n  Ham iltonian was derived under 
th is  assumption and the re s u lt  is  given by equation (2 -38). The coup ling  
Hamiltonian can a lso  be derived  by expanding the rec ip roca l moments o f
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in e r t ia  in  the ro ta tio n a i Hamiltonian o f equation (2-22) to  f i r s t  order 
in (j8-j90) and y 2 (s ince  yQ “  0 ) , as described by Marshalek1̂ .  The 
re s u lt  is
■ „  -  -  i .  s  « . « ! ■  ■ ^
2 ■ ( 2 - 7 0
& a J . z ;  . ?2.
2 2The form o f B, the c o e ff ic ie n t  o f the I ( l+ l )  term in  equation (2-46) 
can be derived using th is  Ham iltonian and is  found to  be
. _ i t i*  #a&2 i i h  „ ,,v
"5  W  ^  S
where Ca and C are the fo rce  constants fo r  B and y  v ib ra t io n s ,  and the 
P 7
p a r t ia l d e r iv a tiv e s  are evaluated a t the e q u ilib r iu m  d is to r t io n s ,  j3 55 j3Q 
and y  = 0.
In the p e rtu rb a tio n  model o f band m ixing, the terms and B^ are
determined by f i r s t  determ ining the band-mixing amplitudes from B(E2)
ra tio s  and then using equation (2 -4 8 ). A more s p e c if ic  model is
necessary to  g ive actua l p re d ic tio n s  o f B^ and B^ . One p o s s ib i l i t y
would be to  assume the moments o f in e r t ia  are given by equation (2-13)
and then use the hydrodynamic model to  fin d  values o f  the mass parameter
13)B. However, th is  model w i l l  give o n ly  rough estim ates and Marshalek 
has po in ted  out th a t the p re d ic tio n s  o f B are greater than the e x p e ri­
mental va lues, on the average, by a fa c to r o f 2.5.
I t  is  thus des irab le  to  f in d  the nuclear moments o f in e r t ia  in the
14)context o f  a r e a l is t ic ,  d e ta ile d  model. Marshalek '  assumed the  p a ir in g  
p lus quadrupoie fo rce  and derived expressions fo r  cfi w ith in  the H a rtree—
Fock-Bogolyubov (HFB) theory . He obta ined so lu tio ns  o f the
tim e-independent HFB equations w ith  the C o r io lis  fo rce  included as a 
p e rtu rb a tio n . The expression fo r  B found from the moment o f in e r t ia  
is
B = Bc + Bx + Ba + B ^+  By  (2-73)
where B re s u lts  from the C o r io lis  force ac ting  on the independent c
q u a s ip a rt ic le  motion, B^ describes a co rre c tio n  to  g ive the co rre c t
number o f p a r t ic le s  in the nucleus, B^ is  due to  changes in the p a ir in g
c o rre la t io n  by the C o r io lis  fo rce  (M otte lson-V a la tin  e f fe c t ) ,  and B*
P
and B re s u lt  from ce n tr ifu g a l s tre tch in g  o f the deformed f ie ld .
V 14)
Marshalek has ca lcu la ted  the con trib u tio n s  from each o f  the f iv e
terms fo r  various defoemed n u c le i. He found th a t B and BA are thec A
dominant terms fo r  s tro n g ly  deformed nucle i and th a t B and B0 are
7  P
la rge  on ly  fo r  the tra n s it io n a l n u c le i.
A serious disadvantage o f the so lu tions o f the tim e-independent
HFB equations is  th a t t ra n s it io n  p ro b a b ilit ie s  cannot be ca lcu la ted
14)
w ith in  the framework o f the model. Marshalek '  ca lcu la te d  E2 tra n s it io n  
p ro b a b il i t ie s  by fin d in g  approximate so lu tions  to  the time-dependent 
HFB equations. The approximate so lu tions  were obtained by assuming slow 
(compared to  s in g le  q u a s ip a rtic le  frequencies), la rge  am plitude, an- 
harmonic c o lle c t iv e  v ib ra tio n s . The phenomenological band-mixing model 
is  compared to  h is  model and the band-mixing parameters obta ined are
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To derive  numerical values fo r  the B and z parameters i t  is
necessary to  fin d  the p a ir in g  gap parameters from experiment.
14)Marshalek does th is  fo r  two cases: f i r s t ,  the em pirica l gap para­
meters are used and second, the values o f  the gap parameters which 
reproduce the experimental moments o f in e r t ia  are used. In another 
c a lc u la tio n , a set o f phenomenological values were obtained using 
equation (2-13) fo r  the moment o f in e r t ia .  This moment o f in e r tia  should 
be v a lid  on ly  fo r  small deform ations.
b. Bes' Model
As described above, Marshalek solved the time-dependent HFB 
equations by using the a d ia b a tic  approxim ation o f slow, large amplitude 
v ib ra tio n s . B e s ^ * ^ o b ta in e d  so lu tio n s  in the nonadiabatic l im it  using 
the random-phase approximation (RPA). This l im i t  is  applied to  small -  
am plitude, harmonic, c o lle c t iv e  v ib ra tio n s . Bes e t a l . ^  gives pre­
d ic tio n s  o f the mixing parameters fo r  va rious  deformed n u c le i. The 
C o r io lis  in te ra c tio n  is  taken in to  account in  order to  obta in  the mixing 
between the ground s ta te  and the y -v ib ra t io n a l band and to  p red ic t 
co rre c tio n s  to  E2 tra n s it io n  ra tes . The C o r io lis  fo rce  is  considered 
up to  second order.
c. Pavl ichenkov1 s Model.
Pavl ic h e n k o v ^  uses the random-phase approxim ation, as d id B e s ^ ’ ^  
but includes a term to  describe a ro ta t io n -v ib ra t  ion coupling. The 
m icroscopic form o f the ro ta t io n -v ib ra t io n  coupling term in equation 
(2-38) is  derived and m ixing parameters are p red ic ted . A serious 
c r i t ic is m  o f  Pavlichenkov1s c a lcu la tio n s  is  th a t on ly  the coupling o f
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ro ta tio n  w ith  the quadrupole f ie ld  is  considered. This is probably
\ k )u n sa tis fa c to ry , since Marshalek has shown th a t the in te ra c tio n  o f 
ro ta tio n  w ith  the p a ir in g  f ie ld  has the greatest nonadiabatic e ffe c t 
on the energies o f  the ground-state ro ta tio n a l band. The ca lcu la tio n s  
are im portant, however, since they represent the microscopic analogue 
to  the macroscopic treatm ent o f  Bohr and M otte lson.
CHAPTER I I I  
THE SPECTROMETER SYSTEM
The spectrometer system used In th is  experiment consisted o f 
l i th iu m -d r if te d  germanium ( Ge(Li) ) de tectors  coupled to  low-noise 
charge-sens itive  p re a m p lifie rs  and shaping main a m p lif ie rs  which were 
coupled to  a 4096 channel pulse height ana lyzer. A b lock diagram o f 
the spectrometer system is presented in f ig u re  1.
3.1 Ge(Li) Detectors
34 35)W ith the advent o f  Ge(Li) gamma-ray de tectors in 1963 ’ the
f ie ld  o f gamma-ray spectroscopy has undergone revo lu tiona ry  changes. 
With the g re a tly  improved re so lu tio n  c a p a b ility  o f these detectors, 
the energies and in te n s it ie s  o f gamma rays em itted in nuclear 
d e -e xc ita tio n  could be measured w ith  fa r  g rea te r p rec is ion  than was 
possible w ith  o ld e r d e tec tio n  devices such as the sodium iodide (Nal) 
s c in t i l la t io n  d e te c to rs . The p rec is ion  made possib le  the a b i l i t y  to  
e x tra c t more accurate and more d e ta ile d  in fo rm ation  concerning nuclear 
s tru c tu re  which could be compared w ith  the p re d ic t ions o f various 
nuclear models.
The Ge(Li) de tec to r is  a semiconductor device in which io n iz in g  
ra d ia tio n  loses energy in  form ing e lec tron -ho ie  pa irs  which are 
co lle c te d  by an app lied  e le c t r ic  f ie ld  and in te rp re ted  as an e le c tro n ic  
pulse. The p ro p e rtie s  o f the detector depend on the e le c tr ic a l 
p roperties  o f semiconductors. According to  the band theory o f s o lid s  
the sharp ly defined e le c tro n  sta tes o f atoms are broadened in to  bands 
when these atoms are the  constituen ts  o f a c ry s ta l.  These bands are 
c h a ra c te r is t ic  o f  the c ry s ta l as a whole. In  a c ry s ta l,  adjacent bands
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overlap  i f  the c rys ta l is  a conductor and do not overlap  fo r  in s u la to rs .
A semiconductor has the p roperty  that a t absolute zero there e x is ts  
com plete ly f i l l e d  bands w ith  the highest f i l l e d  band (valence band) 
being separated from the next highest band (conduction band) by a 
narrow energy gap ( ty p ic a l ly  < 2 eV) in which there are no allowed 
energy s ta tes  (here we are re fe rr in g  to  a pure sem iconductor). The 
d iffe re n c e  between a semiconductor and conductor may be seen in  
f ig u re  2. In a semiconductor, a f in i t e  e x c ita t io n  energy ( io n iz a tio n  
energy) is  requ ired  to  e xc ite  e lectrons over the gap in to  the conduction 
band. I f  the energy gap is sm all, a few e lec trons  w i l l  be exc ite d  by 
thermal f lu c tu a t io n  in to  the conduction band and i f  an e le c t r ic  f ie ld  
is  app lied  across the c rys ta l a small cu rren t w i l l  re s u lt  and the 
c ry s ta l is  sa id  to  have an observable c o n d u c tiv ity . Since the dens ity
o f  e lec trons  which are the rm a lly  excited in to  the conduction band is
Vi?
p rop o rtio n a l to  the Boltzman fa c to r , exp(-E /2kT) , the c o n d u c tiv ity
ra p id ly  increases w ith  temperature. In a conductor the upper most
band is  on ly  p a r t ia l ly  f i l l e d  w ith  e lec trons and the cu rren t ca rry in g
energy s ta tes  are on ly  in f in ite s im a lly  removed from the occupied s ta te s .
In th is  case the co n d u c tiv ity  is  high since there are a la rge number
o f  e lec tro ns  a va ila b le  as cu rren t c a rr ie rs .
Germanium is a semiconductor w ith  E^a « 0.67 eV a t 300°K. Although
9aP
very  pure c ry s ta ls , o f germanium are now a v a ila b le , the e le c t r ic a l prop­
e r t ie s  are s t i l l  la rg e ly  determined by the. presence o f im p u rit ie s . The
In r e a l i t y  the occupation p ro b a b ility  o f a leve l w ith  energy, E, is  
•given by the Fermi func tion
f(E ) -  (l+exp(E /2 k T ))~ * .
In general E »  kT and in th is  case the occupation probab il i t y  reduces 
to  the  Bol tznlaR fa c to r .
Multlchonnel
Anolyzer















F ig , 1. A b lock diagram o f the spectrometer system.












F ig . 2. The band p ic tu re  o f a semiconductor (a) and 
a conductor ( b ) .
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germanium used in the fa b r ic a t io n  o f semiconductor de tectors is 
d e lib e ra te ly  "doped" w ith  small amounts o f des irab le  im p u ritie s . I f  
the im purity  has an outer e le c tro n  in  excess o f those required fo r  the 
c rys ta l b inding the excess e le c tro n  is  free  to  move in the c ry s ta l.
This type o f im purity  is c a lle d  a donor im p u rity . A semiconductor 
m ateria l doped w ith  a donor im p u rity  is  ca lled  n-type  m a te ria l. I f  
the im pu rity  has one less e le c tro n  than the number requ ired fo r b ind ing, 
then there is  a vacancy in  the band s tru c tu re . This vacancy may be 
f i l l e d  from adjacent atoms and the vacancy can move throughout the 
c ry s ta l which is  equ iva len t to  the motion o f a p o s it iv e  charge. This 
type o f im purity  which accepts e le c tro n s  from neighboring atoms is 
ca lle d  an acceptor im pu rity  and semiconductor m ate ria l doped w ith  th is  
type o f im purity  is known as p-typ e  m a te ria l.
Donor (o r acceptor) im p u rit ie s  introduce d is c re te  e le c tro n ic  
le ve ls  near the conduction (o r valence) band w ith  the re s u lt  tha t 
e x c ita t io n  o f an e lec tron  (o r  ho le) in to  the conduction (o r valence) 
band required considerably less energy than e x c ita t io n  o f an e lec tron  
from the valence to  the conduction band as in a pure semiconductor.
The io n iz a tio n  o f a donor (o r accepto r) s ta te  re s u lts  in on ly one 
fre e  charge c a r r ie r  w ith  the ho le  (o r  e lec tron ) being l e f t  fixe d  a t 
the donor (or acceptor) s i te  and not w ith in  the continuum o f the 
valence (o r conduction) band. Hence there  is  an in e q u a lity  o f charge 
c a r r ie rs  and th is  type o f m a te ria l is  termed e x t r in s ic . In general, 
donor, and acceptor im p u ritie s  are always present in  any semiconducting 
m a te r ia l. The c a r r ie r  type which is  in  excess Is known as the m a jo rity  
c a r r ie r ,  i .e .  e lec tron  (o r ho le ) in predom inantly n-type (o r p-type)
m ate ria l. Donor and acceptor im p u ritie s  are re fe rred  to  as shallow  
im pu rities  since they give r is e  to  e le c tro n  states near allowed bands. 
Im purity le ve ls  w ith  la rge io n iza tio n  energies are re fe rred  to  as 
deep im p u rit ie s . The m ateria l is  said to  be compensated when the 
number o f donors and acceptors is  the same. In t r in s ic  m ateria l is  
m ateria l in  which a l l  c a rr ie rs  are created by thermal e x c ita t io n , and, 
in th is  type o f m a te r ia l,  the number o f excited  e lectrons in the 
conduction band is  e xa c tly  equal to  the number o f holes in the valence 
band.
When an e le c t r ic  f ie ld  is  app lied  the charge c a rr ie rs  move through
the c rys ta l w ith  a v e lo c ity ,  v , p ropo rtiona l to  the e le c t r ic  f ie ld ,
given by v = The q u a n tity  jU is  ca lle d  the m o b ility  and is
independent o f the f ie ld  over a wise range of c a r r ie r  v e lo c it ie s  up 
£
to  ~  10 cm/sec. A t very high f ie ld s  the c a rr ie rs  approach a sa tu ra tio n  
v e lo c ity  o f ~  10^; cm/sec. ̂  The m o b ility  is d if fe re n t  fo r  the two 
types o f c a r r ie rs .  The to ta l cu rre n t density  re s u lt in g  from the app lied  
f ie ld  is g iv e n ^  by
J = q£(ne*ie + n ^ ) ,  (3 -D
where q is  the e le c tro n ic  charge, and ne (n^) is  the dens ity  o f
e lectrons (ho les) in  the conduction (valence) band, and ^ ( j l ^ )  ' s the
m o b ility  o f e le c tro n s  (h o le s ). The r e s is t iv i t y  is  defined as
P “  J “  q fneM; + •  ( > 2 )
The r e s is t iv i t y  is  a fu n c tio n  o f the absolute temperature o f the la t t ic e  
since the number o f c a r r ie rs  the rm a lly  exc ited  increases w ith  increasing  
temperature and the m o b ility  decreases w ith  increasing temperature 
because o f  increas ing  in te ra c tio n  w ith  the thermal v ib ra tio n  o f the
k k
la t t ic e .  I t  is  des irab le  from the standpoint o f i t s  use as a ra d ia tio n  
d e tec to r th a t the r e s is t iv i t y  o f a semiconductor be very h igh . For a 
given im pu rity  concentra tion , the r e s is t iv i t y  o f a semiconductor 
increases w ith  decreasing temperature. One method w ide ly  used to  
increase the r e s is t iv i t y  o f a semiconductor m a te ria l is  the lith iu m  
io n - d r i f t  technique which produces " in t r in s ic "  m ate ria l thereby reducing 
the  number o f free  c a rr ie rs .
The motion o f c a rr ie rs  in a c rys ta l can be in fluenced by im p u ritie s  
and la t t ic e  im perfections in the c ry s ta l.  The most im portant e ffe c ts  
are trapp ing  and recombination and these are i l lu s t r a te d  in  fig u re  3. 
Trapping occurs when a c a r r ie r  is momentarily he ld a t an im pu rity  s ite  
and is la te r  released back in to  the band, described g ra p h ic a lly  in 
fig u re s  3a and 3b. The trapp ing time depends on the io n iz a tio n  energy 
o f  the trap  and the la t t ic e  temperature. Th is  trapp ing  tim e should be 
as short as possib le  since fo r  a long trap p ing  time the trapped c a r r ie r  
may not be released in s u f f ic ie n t  time to  be able to  co n tr ib u te  to  the 
pulse from the de tec to r. Recombination occurs when an e le c tro n  and a 
ho le  recombine and e s s e n tia lly  a n n ih ila te  each o ther as fa r  as th e ir  
c o n d u c tiv ity  is  concerned. This occurs e ith e r  by d ire c t  recombination 
o f  e lec trons  in the conduction band and holes in the valence band, 
f ig u re  3c, o r by recombination through in term edia te  im p u rity  le v e ls , 
f ig u re  3d. The la t te r  process is the more probable. Because o f the 
existence o f trapp ing  and recombination the life -e im e  o f a charge 
c a r r ie r  is  lim ite d  and the m in o rity  c a r r ie r  l i f e - t im e , which is  the 
mean l i fe - t im e  fo r  which the c a r r ie r  e x is ts  in  a fre e  s ta te , is  a 
measure o f the q u a !ity  o f the c ry s ta l.  Typ ica l l i fe - t im e s  fo r  good
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-3 "4c ry s ta ls  are 10 to 10 sec. This l i f e - t im e  is reduced in the fa b r i­
ca tion  o f the de tec to r.
The Ge(Li) de tecto r is constructed using the 1ith iu m -d r if t  
38 39ltechnique due to  Pell ' . In th is  technique the high m o b ility  o f
lith iu m  ions in germanium is used to  g re a t ly  increase the r e s is t iv i t y
o f the low r e s is t iv i t y  p-type s ta r t in g  m a te r ia l. L ith ium , a donor
im p u rity , is f i r s t  d iffused  onto the surface o f Jthe s ta r t in g  m ateria l
producing a h e a v ily  doped n-type reg ion . The a p p lica tio n  o f a large
reverse bias vo ltage causes the lith iu m  ions to  d r i f t  through the
m ateria l under the  influence o f the f ie ld  in  a manner th a t tends to
compensate fo r  the excess acceptor im p u rit ie s  in tye p-type s ta r t in g
m a te ria l. Compensated regions (sometimes re fe rre d  to  as " in t r in s ic "
regions) o f depths up to  20 mm, fo r  good d ry s ta ls ,  have been obtained
40)using th is  tehchnique . A fte r  d r i f t in g ,  the device cons is ts  o f a 
h e a v ily  doped (n+) region, an " in t r in s ic "  region o f nearly  p e rfe c t 
compensation and an u n d rifte d  region o f  the p-type s ta r t in g  m a te ria l.
This type o f device is  re ferred to  as a p - i- n  device and is  p ic tu re d  
schem atica lly in  fig u re  4. I f  a reverse b ias vo ltage is  app lied  to  the 
p - i-n  device, a l l  o f the free  charge c a r r ie rs  w i l l  be swept ou t o f the 
three regions, re s u lt in g  in a charge d is t r ib u t io n  given in f ig u re  4.
As can be seen, the on ly  region in the device where a high e le c t r ic  
f ie ld  e x is ts  is  in the " in t r in s ic "  reg ion .
The Ge(Li) gamma-ray detector is  a reverse biased p - i-n  diode, 
ins ide  o f which a gamma ray produces and ene rg e tic  e lec tron  by the photo­
e le c t r ic  o r Compton processes as is  shown in  f ig u re  5. This secondary 
e le c tro n  moves under the in fluence o f the f ie ld  los ing  energy by impact 
io n iz a tio n  and producing low energy e le c tro n s  which are e xc ited  up in to
IMPURITY
LEVELS'
> \ \ \ \ \ \ \ \ w \ \
CONDUCTION 8ANDvX
VALENCE BAND




F ig . 3 .- A schematic diagram o f trapp ing  and recombination
mechanisms. F igs. .(a) and (b) i l lu s t r a te  the trapp ing 
o f holes and e le c tron s  in im purity  centers and th e ir  
’ subsequent re lease back in to  the bands. Fig. ( c) 
i l lu s t r a te s  d ire c t  recombination. F ig. (d) shows the 
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F ig . 5. A schematic diagram o f a Ge(Li) d e te c to r.
F ig . 6. A schematic diagram i l lu s t r a t in g  the p roduction
. .of e le c tro n -h o le  pa irs  in a semiconductor. F ig , (a) 
shows the d is t r ib u t io n  o f  charge c a r r ie rs  immed­
ia te ly  a f te r  an io n iz in g  event. F ig  (b) i l lu s t r a te s  
. y  the d is t r ib u t io n  a f te r  the excess energy is  lo s t  
by the emission o f  o p tica l phonons.
•  -
the conduction band or h igher unoccupied bands as shown in  f ig u re  6.
When the k in e t ic  energy o f  a l l  the electrons is  below the threshold v a l­
ue fo r  the c reation  o f  an e lec tron -ho le  pa ir ,  the p a irs  lose energy by 
in te rac t ing  w ith  the c ry s ta l  la t t i c e  to produce o p t ica l phonons. When the 
charge c a r r ie rs  are co llec ted  at the appropriate e lectrodes the re s u l t ­
ing pulse is  proportional to  the energy deposited in  the c ry s ta l  by the 
gamma ray. For good gamma-ray spectrometer c h a ra c te r is t ic s  i t  is  very 
important tha t the dector c o l le c t  a l l  the charge th a t is  produced, or 
th a t  the germanium be o f very  good quality so th a t long dura tion  trapping 
and recombination caused by 'deep impurites" and crystal defects are minimal .
The s ing le  most important c h a ra c te r is t ic  o f  the Ge(Li) detectors is  
i t s  high energy re so lu t io n .  Typ ical Ge(Li) detectors e x h ib i t  a 20 to 1 
improvement, fo r  gamma-ray energies near 600 keV, over the best sodium 
iod ide (Nal) s c in t i l l a t i o n  detectors . The gamma ray e f f ic ie n c y  o f Ge(Li) 
detectors is  poor when compared to  the e f f ic ie n c y  o f  Nal de tec to rs .
Newer fa b r ic a t io n  techniques have enabled the manufacture o f  large v o l­
ume Ge(Li) de tec tors . Malm and Fowler**^ have reported on the fa b r ic a -  
t io n  o f  a 5^ cm detector which has f u l l  energy peak e f f ic ie n c y  compar­
able to  th a t o f  a l£  in  diameter by 1 in th ic k  Nal d e te c to r .  I t  has 
been the experience o f  nuclear experimentalists tha t the good energy 
re so lu t io n  o f  the Ge(Li) de tector more than compensates fo r  the low 
e f f ic ie n c y  which can be p a r t ia l l y  overcome by using h ig h e r 'a c t iv i t y  ;> 
sources. The fac to rs  a f fe c t in g  the energy re so lu t io n  o f  the Ge(Li) 
de tector w i l l  be discussed in  some d e ta i l .
I t  is  extremely d i f f i c u l t  to  give a general account o f  the problems 
o f  o b ta in in g :h ig h . re so lu t ion  as severa l in te r re la te d  fa c to rs  are involved
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in the f in a l  re s u l t .  Some o f  the fac to rs  are under the contro l o f  the 
experimenter (such as counting ra te , op tim iza tion  o f  a m p l i f ie r  time 
constants, e t c . ) ,  others are o f a more fundamental nature (such as 
e le c t ro n ic  noise) while others are pure ly fundamental in nature (e .g . 
the s ta t is t ic s  o f  charge production in the d e te c to r ) .  Here we w i l l  
be concerned w ith  the discussion o f  the fo l low ing  fa c to rs  which c o n t r i ­
bute to  the energy re so lu t ion  o f Ge(Li) detectors:
1) s ta t is t ic a l  f lu c tu a t io n  in the production and c o l le c t io n  o f 
e lec tron -ho le  p a irs ,
2) charge c o l le c t io n  e f f ic ie n c y ,
3) detector leakage current noise,
4) pream plifier and am plifier noise.
As has been p rev ious ly  mentioned, a gamma ray loses energy in a 
Ge(Li) detector v ia  the p h o to e le c tr ic ,  Compton, and p a ir  production 
processes. Since the fu l l - w id th  a t half-maximum (fwhm) o f  the f u l l  
energy peak in a gamma-ray spectrum is used to  de fine  the energy reso­
lu t io n ,  on ly the p h o to e le c tr ic  events and those m u lt ip le  Compton and 
p a ir  production events which re su lt  in the f u l l  energy o f  the gamma ray 
remaining in the c rys ta l need be considered. The e jected  e lec tron  (or 
e lectrons fo r  m u lt ip le  Compton and p a ir  processes) loses energy through 
two competing processes, namely the c reation  o f  e lec tro n -h o le  pa irs  
and through heating o f  the la t t ic e  (phonon or thermal energy). The 
d iv is io n  o f energy between heating and io n iza t io n  is e s s e n t ia l ly  
s t a t i s t i c a l .  I f  io n iza t io n  were the only mechanism fo r  energy loss, 
there would be no f lu c tu a t io n  in the number o f  e le c tron -ho le  pa irs  
produced. On the o ther hand, i f  the p ro b a b i l i ty  o f  io n iza t io n  was very 
low compared w ith  th a t o f  thermal processes^ we would expect normal
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s t a t i s t i c a l  f lu c tu a t io n  in the number o f  e le c tro n -h o le  p a irs  produced. 
In th is  case the RMS (roo t mean squared) f lu c tu a t io n  in the number o f 
p a irs  produced would be given by
or =  ( 3 - 3 )
where n is the average number o f  p a ir s  produced, E is  the energy
absorbed by the detector and e is  the average energy required to
produce an e lec tron -ho le  p a ir  (2.98±0.001 e V /pa ir  a t 7 7 ° K ^ ) .  In the
Ge(Li) detector the s i tu a t io n  l ie s  between these two extremes w ith  30%
o f  the energy loss re s u l t in g  in i o n iz a t io n * ^  . Fano^^ has studied
the s t a t i s t i c s  o f  ion p a ir  p roduction  in  gaseous io n iz a t io n  chambers.
4 5 )
Van Roosbroeck has performed an e lab o ra te  s t a t i s t i c a l  ana lys is  o f 
the s i tu a t io n  in  semiconductor d e te c to rs  and the reader is  re fe rred  to  
h is  a r t i c le  fo r  a de ta iled  a n a ly s is .  The observed RMS f lu c tu a t io n  is 
expressed as
or = >/f (3-4)
where F is a semi-empirical fa c to r  ( c a l le d  the Feno fa c to r )  introduced
to  account fo r  the degree to  which the events producing and average o f
46)n e lec tro n -h o le  pa irs  are c o r re la te d .  The value F is  ~ 0 .1 6  '  fo r
germanium. To obta in  a va lue fo r  the s t a t i s t i c a l  spread in e lec tron  
v o l t s ,  the variance, a, is  m u l t ip l ie d  by c. This gives
e o r - V ^ E 1 <k e V >-  ( 3 - 5 )
The fwhm, A  E, is  obtained by m u l t ip ly in g  cor by 2/2j&n2 (= 2.355), 
in s e r t in g  the value o f c , and is g iven by
A E ] = 2 .3 5 5 ^ 0.00298EF -  0 .1 2 8 6 ^ 5 ?  (keV) (3-6) 
Where the subscrip t on A  E denotes th a t  t h is  is  the f i r s t  o f  a series 
o f  independent c o n tr ib u t io n s  to  the  fwhm. In f ig u re  7, the curve
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labe lled  Ge(Li) shows the v a r ia t io n  o f the fwhm as a func tion  o f energy 
given by (3-6) w ith  F « 0.16. A lso, the equ iva len t v a r ia t io n  fo r  a 
curved c rys ta l d i f f r a c t io n  spectrometer and a 3" X 3" Nal detector 
(w ith 7.8% reso lu t ion  at 662 keV) are presented fo r  comparison. The 
Ge(Li) detector is seen to be superio r in energy re so lu t io n  c a p a b i l i ty  
to  the curved crys ta l spectrometer fo r  photon energies above 250 deV.
The curves o f  Ge (L i)  reso lu t ion  fo r ^ a n o  fa c to rs  o f  0.10 land 0.05 are 
shown fo r  reference. I t  can be seen from equation (3-6) tha t the square 
o f  the fwhm is proportional to  the photon energy. The usual method o f  
measuring the Fano fac to r  is  to  p lo t ,  as a fu n c t io n  o f  energy, the 
d if fe rence  between the square o f  the fwhm fo r  gamma rays and the square 
o f  the fwhm fo r  a nearby l in e  from a q u a l i t y  pulse generator. The 
slope o f  the re su lt in g  l in e  gives the value o f  the Fano fa c to r  fo r  the 
p a r t ic u la r  detector employed. The pu lser l in e  is  included because i t s  
observed width is  independent o f  the s t a t i s t i c s  ins ide the detector 
and is due e n t i r e ly  ( fo r  a q u a l i ty  pu lser) to  e le c tro n ic  noise ( fa c to r
4 ) .  I t  must be rea lized th a t the. measured value o f  the Fano fac to r  can 
serve only as an upper l im i t  s ince i t  .includes e f fe c ts  o ther than 
s t a t i s t i c s ,  such as trapping and leakage cu rren t f lu c tu a t io n s .
Incomplete charge col le c t io n  is a re s u l t  o f  trapp ing and recom­
b in a t io n . These e ffe c ts  are q u ite  important in large volume l i th iu m -  
d r i f te d  gamma-ray detectors fo r  two reasons; f i r s t ,  because gamma-ray 
absorption occurs at v i r t u a l l y  any p o in t  in the detector volume and 
second, because the charge c a r r ie rs  must t ra v e l r e la t iv e ly  long distances 
before being co llec ted . This is  in co n tra s t to  densely ion iz ing  charged 
































Fig. 7. The ideal energy re so lu t io n  o f  a‘ good Ge(Li) detector 
as a function o f  energy. The s o l id  l in e  is  the 
s ta t is t ic a l  reso lu tion-and the dashed p o rt ion  (a t  low 
• energies) is the c o n tr ib u t io n  to  the reso lu t ion  from 
the capacitance o f  the de tec to r . Also shown are 
representative r 'eso lutions o f  a Nal detector and a 
curved c rys ta l spectrometer. •
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the entrance face (u sua lly  one o f the electrodes) o f  the detector which
is normally a detector w ith  small sens it ive  volume (depetion depth o f  a
reversed bias p-n ju n c t io n ) .  In recombination, charge c a r r ie rs  can
recombine a f te r  los ing  vary ing amounts o f  energy in  the c r y s ta l ,  the
resu lt being smaller s igna ls  induced in the external c i r c u i t  and a
spread in the signal amplitude due to  f lu c tu a t io n  in  the amount o f
energy los t before recombination. In general, the loss o f  gamma-ray
energy reso lu tion  due to  recombination is  small compared to  losses from 
47)
other e f fe c ts  . For the case o f  trapp ing , the f ra c t io n  o f charged
ca rr ie rs  remaining a t time t  a f te r  io n iza t io n  is e x p ( - t /T  ) ,  where r6 ©
is the c a r r ie r  l i fe t im e  before trapp ing . During the time, t ,  the 
ca rr ie rs  have moved a distance x = /Ll£t. Since fo r gamma rays, the 
ion ization takes place randomly throughout the detector volume, there 
w i l l  be, fo r  d i f fe re n t  gamma rays detected, va r ia t io n s  in the distance 
that the charge c a r r ie rs  must move in order to  be co lle c te d . This w i l l  
lead to  a s t a t i s t i c a l  f lu c tu a t io n  in the number o f  c a r r ie rs  th a t  are 
trapped. Also those c a r r ie r s  which are trapped w i l l  even tua lly  be 
thermally re -exc ited  a f t e r  spend-ing a mean time, j Qt in the tra p .  The 
mean time depends upon the binding energy o f the trapp ing  im pu rity  and 
the la t t i c e  temperature. The f lu c tu a t io n s  in the re -e x c i ta t io n  o f  the 
trapped c a r r ie rs  and t h e i r  subseqqent co lle c t io n  w i l l  increase the loss 
o f re s u it io n  due to  tra p p ing . I t  is  very d i f f i c u l t  to make a q u a n t i ta t iv e  
estimate o f  the c o n tr ib u t io n  to  the observed reso lu tion  due to  incomplete 
charge c o l le c t io n .  Q u a l i ta t iv e ly  i t  is c lea r tha t s t a t i s t i c a l  f lu c tu ­
ations in the number o f  c a r r ie rs  th a t  get trapped, the d istance trave led  
by the c a r r ie rs  before being trapped, the number o f  c a r r ie rs  th a t get
re -e xc ite d  in time to  con tr ibu te  to the s igna l,  and the d istance the 
re -e xc ite d  c a r r ie rs  have to  trave l before being co llec ted  w i l l  con­
t r ib u te  to  the observed width o f a f u l l  energy gamma-ray peak.
There are two ways in which the f u l l  energy peak w i l l  be a ffected 
by incomplete charge c o l le c t io n .  I f  the s ta t is t ic a l  f lu c tu a t io n  in the 
number o f  trapped c a r r ie rs  is such as to a llow complete charge 
c o l le c t io n  fo r  most o f  the detected gamma rays, then the e f fe c t  o f 
trapp ing  is to  introduce an asymmetry ( t a i l )  on the low energy side o f 
the peak. I f ,  however, the s ta t is t i c a l  f lu c tu a t io n  in the number o f  
trapped c a r r ie rs  is  such tha t very few detected gammas have complete 
charge c o l le c t io n  then the e f fe c t  o f  trapping is  to  introduce a 
symmetric broadening o f  the peak.
Incomplete charge c o l le c t io n  in Ge(Li) detectors a r ises  p r im a r i ly
from defects  in the " i n t r i n s i c "  region o f  the de tector. These defects
can be a t t r ib u te d  to  the fa b r ic a t io n  o f  the d e tec to r , e i th e r  from using
poor q u a l i t y  (high im purity  level other than the acceptor dopant)
germanium s ta r t in g  materia l or to  achievement o f  imperfect compensation
in the 1 i t h iu m - d r i f t  process. Trapping and recombination can be reduced
by apply ing h igher reverse-bias voltages across the de tec to r. There is ,
however, a l im i t  to  the bias voltage which can be app lied  to  the detector 
*  -  *
and th is  is  the bias voltage a t which detector leakage curren ts  become a 
predominant source o f  re so lu t io n  degradation.
Under reverse bias cond it ions , Ge(Li) detectors  have leakage 
curren ts  which o r ig in a te  w ith in  the volume o f  the de tec tor (bu lk - leakage 
curren ts ) and from the detector surface (surface-1eakage c u r re n ts ) . 
S ta t is t ic a l  f lu c tu a t io n  in the 'de tec to r leakage cu rren t g ives r is e  to  
noise ( "sh o t"  noise fo r  bulk-leakage current f lu c tu a t io n  and " f l i c k e r "
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48noise fo r  surface-1eakage current ) which con tr ibu tes  to  the observed 
peak w idth. The leakage currents are dependent upon, among other th ings , 
the detector bias vo ltage and operating temperature, and the r e s is t i v i t y  
o f  the detector. The surface-1eakage currents occur where the high 
e le c t r i c  f i e ld  meets the surface and these curren ts  usua lly  l im i t  the 
maximum e le c t r ic  f i e ld  tha t can be applied w ithou t breakdown. Surface- 
1eakage currents can be g rea tly  reduced by specia l construc tion  techniques 
such as using the guard r ing  s truc tu re  as suggested by Goulding and 
Hansen . The bulk-leakage current o r ig in a te s  from therm a lly  generated 
e lec tron -ho le  p a irs .  This current is s u f f i c ie n t l y  large a t room tem­
perature to  prevent the use of Ge(Li) detectors in  spectrometers. For
th is  reason the Ge(Li) detector must be operated a t ~  80°K, a t which
-9temperature the leakage current is less than 10 amperes. High 
r e s i s t i v i t y  semiconductor material is des irab le  to  reduce leakage currents 
to  the level where very small pulses from io n iz in g  events can be observed. 
This is the purpose o f  the 1i th iu m -d r i f t  technique other than the compen­
sation  o f  the p-type material to  form an " i n t r i n s i c "  se n s it ive  volume.
49)Goulding and Hansen have studied the e f fe c t  o f  leakage-current 
f lu c tu a t io n s  and have given as the c o n tr ib u t io n  to  the peak width
A E 2 ~ ^ 7 ,  (3-7)
where 1^ is the sum o f  the bu lk - and surface-1eakage cu rren ts , and t
is the a m p l i f ie r  time constant. Under normal opera ting  cond it ions ,
o -9T = 80 K, a good Ge(Li) detector, w ith  a leakage cu rren t o f  < 10
ampere, has a n e g l ig ib le  con tr ibu t ion  to  the observed peak w idth due to
leakage current f lu c tu a t io n .
The c o n tr ib u t io n  to  the observed peak w idth due to  noise associated
w ith  the p rea m p lif ie r  is  l in e a r ly  proportional, to  the input capacitance
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to  the p re a m p li f ie r .  This capacitance is e s s e n t ia l ly  the capacitace o f  
' the de tec to r. The input capacitance to  the p re a m p li f ie r  induces noise 
in the p re a m p li f ie r .  The noise performance o f  a p re a m p lif ie r  is 
genera lly  s ta ted  in terms o f  the equ iva len t ion p a irs  RMS, Ne, or in 
terms o f  A E qI the fwhm in keV a t zero capacitance (no d e te c to r ) .  The 
re la t io n s h ip  between the two is given by
A  EQ(keV) = 2 .355*2.98xl0"3 keV/ion p a ir  (3-8)
or
A  EQ(keV) = 7 .02x l0"3 Nf i .
Thus fo r  a p re a m p li f ie r  having Ne = 50, the fwhm fo r  a zero capacitance 
de tector is  0.351 keV. When a de tec to r w ith  a capacitance Op is 
connected to  the input o f  the p re a m p li f ie r ,  the co n tr ib u t io n  to  the  
fwhm o f  the f u l l  energy peak is given by
A  E2 = A  Eq + mCp (keV) (3-9)
where m is  the slope in keV/pF, which is  determined by the transcon­
ductance o f  the f i r s t  stage. Typical values fo r  a given p rea m p lif ie r
w ith  a f ie ld - e f f e c t  t ra n s is to r  (FET) input are A  Eq = 0.53 keV and
46)m = 0.046 keV/pF fo r  room temperature opera tion  . To achieve lower
noise le ve ls  and slopes, the FET can be cooled to  ~140°K. The above
p re a m p li f ie r  when operated w ith  a cooled FET gave the fo l lo w in g  values,
A  Eq = 0.36 keV and m » 0.030 keV/pF. For de tectors w ith  high capacity
(>30pF) the slope, m, can be reduced by p a ra l le l in g  two o r more FET's
46)in the f i r s t  stage o f  the p re a m p li f ie r  ' .  The slope va r ies  approximately 
as the inverse of the square root o f  the number o f  FET's in p a ra l le l .  
However, AEo increases d i r e c t ly  as the square root o f  the number o f 
FET's in  p a r a l le l .  With four FET's in  p a ra l le l  B la lock3*^ reports values
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o f  A  Eq « 0.62 keV and m = 0.017 keV/pF.
In th is  section the fou r most fundamental con tr ibu t ions  to  the 
reso lu t ion  o f Ge(Li) de tectors have been discussed. The to ta l reso lu tion
is obtained from these four uncorre la ted e f fe c ts  by adding in quadrature
2 2 2 
the ind iv idua l c o n t r ib u t io n s , i i . e .  A  EtQta| = A Ej + A . The
composite reso lu t ion  ca lcu la ted  in th is  fashion represents the best
reso lu t ion  tha t can be obtained. In p ra c t ice  the observed reso lu t ion
is somewhat worse, e s p e c ia l ly  a t h igher energies.
The Ge(Li) detectors employed in th is  research were a 2 cm planar
3
detector commercially fa b r ica te d  by ORTEC and an 8 cm coaxial detector
3 2which was not commercially produced. ■ The 2 cm detector had a k cm
area and a compensated depth o f  5mm and exh ib ited  a to ta l  peak width
137o f  2.5 keV fo r  the 662 keV l in e  from Cs. The operating bias voltage 
was kkO V. This re so lu t io n  was obtained when the de tector, which had 
a capacitance o f  12 pF, was d i r e c t l y  coupled to  a room-temperature FET 
p rea m p lif ie r  and when an optimum shaping time constant o f  1.6 ju sec was 
selected on the main a m p l i f ie r .  The coaxial detector was a r ig h t  c i r c u la r  
cy l in d e r  o f  2.2 cm he ight and a 2.6 cm diameter w ith  a d r i f te d  depth 
o f  6 mm. This de tec tor had a measured capacitance o f  k5 pF. At a photon 
energy o f 662 keV and w ith  a b ias vo ltage o f  750 V, the observed peak 
width was 2.35 keV when the detector was d i r e c t ly  coupled to  a FET pre- 
a m p l i f ie r  and a shaping a m p l i f ie r  w ith  a 2 ju sec time constant. In tab le  
3, the reso lu t ion  values a t  several standard energies are l is te d  fo r  the 
two detectors. Also presented in column k and 5 are the widths due to 
the detector. This was determined by sub trac t ing  in quadrature the 
width o f the pu lser peak from the w idth o f  the gamma-ray peak.
Thus the above d if fe re n ce  should be ju s t  the detector contributed width
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which is due to s t a t i s t i c s ,  de tector capacitance and charge co l le c t io n  
e f fe c ts .
Table 3. Typical gamma-ray energy re so lu t ion  (fwhm) fo r  the 
Ge(Li) de tectors  used in the work reported here.
Energy FWHM (keV) Detector Contr ibu tion
(keV) . 2 cc det. 8 cc det. 2 cc det, 8 cc det.
60 2.0k 2.06 0.80 0.60
122 2.09 2.09 0.96 0.83
662 2.56 2.39 1.69 ] .k 0
1332 3.08 2.88 2.33 1.97
3.2 P ream p lif ie r
' The signal from a semiconductor detector consists o f a short 
pulse o f e le c t r ic a l  charge c o lle c te d  between the detector e lectrodes. 
This charge, Q,f induces in the external c i r c u i t  a voltage signal V = Q/C 
where C is  the to ta l  capacitance a t the input o f the external c i r c u i t .
I t  is the func tion  o f  a p re a m p li f ie r  to  sense th is  charge and convert 
i t  to  a voltage pu lse, a m p l i f ly  the pulse, and to  render the signal 
su itab le  fo r  transm ission to  the a m p l i f ie r  v ia  shielded cable. There 
are two basic types o f pulse p re a m p lif ie rs ,  vo ltage se n s it ive  and charge 
sens it ive . When used w ith  semiconductor detectors the charge sens it ive  
configura tion  is p re fe rab le  because the amplitude o f the output signal 
is almost independent o f  the input capacitance o f  the de tec to r. A 
minor disadvantage is th a t  the noise level is dependent upon the 
capacitance a t the input as has been discussed in the preceding section.
A block diagram o f the components o f a charge sens it ive  preamp is  given 
in f igu re  8.
Desirable c h a ra c te r is t ic s  fo r  a p re a m p lif ie r  are low noise,
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l in e a r i t y  and temperature s t a b i l i t y .  To achieve bette r temperature
s t a b i l i t y ,  t ra n s is to r  p re a m p lif ie rs  have replaced vacuum tube pream-
l i f i e r s .  Major reduction o f  noise in p ream p lif ie rs  has been accomplished
by using f ie ld - e f f e c t  t ra n s is to rs  in the input stage. In fa c t the
f ie ld - e f fe c t  t ra n s is to r  used in the f i r s t  stage o f  a p ream p lif ie r  is the
one c r i t i c a l  component in a spectrometer system which has brought out
the amazing reso lv ing  power o f  the Ge(Li) de tector in the analys is  o f
multicomponent gamma-ray spectra. The lowest noise p ream p lif ie rs  in
46 51)use are those employing cooled FET's in the input ’ . In add it ion
to  the FET the e n t i re  f i r s t  stage is cooled to  140°K. This is 
p ic tu red schematica lly  in f ig u re  9. Here represents the capacitance 
o f  the de tec to r, Rb the bias load re s is to r ,  Dc the coupling capac ito r, R̂  
the feedback re s is to r ,  and Ĉ . the feedback capacito r. The dashed l in e  
separating the de tec tor and p re a m p lif ie r  f i r s t  stage is included to 
denote a temperature d if fe re n c e . This d if fe re n ce  is provided by a 
co n tro l le d  heat leak b u i l t  in to  the f i r s t  stage or by a heating 
re s is to r .  The FET must be operated at a temperature greater than l iq u id  
nitrogen (77°K). Smith and C l i n e ^  report an optimum FET temperature 
o f  140°K. The re s u l t ,  in terms o f noise, o f  using a cooled FET pre­
a m p l i f ie r  is  a 20 to  40% improvement over a room temperature FET 
p ream p lif ie r .
The p ream p lif ie rs  used in th is  research were room temperature FET
3pream p lif ie rs . The p re a m p li f ie r  which was coupled to  the 2 cm planar 
detector was a Tennelec Instrument Co. model TC 130 w ith  two p a ra l le le d
Load 
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Fig. 9. A diagram o f  a cooled FET p re a m p lif ie r  ( f i r s t  s tage), DC 
.coupled to  a Ge(Li) de tector. The cooled p o rt io n s  are 
' e n c l o s e d  in dashed l in e s .  The dashed 1ine between the 
detector(Cn) and.the f i r s t . s ta g e  denotes a temperature 
. v d if fe re n ce . • / .k v  .k''..-,' ' • -
t.
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FET's in the input stage. The p ream p lif ie r  which was coupled to  the 8 
cm  ̂ coaxial detector was an ORTEC model 118A and had a s ing le  FET in the 
input.
3.3 A m p lif ie r
The main a m p l i f ie r  in a spectrometer system provides a d d it io n a l
gain to  the pulse from the p rea m p lif ie r  and provides fo r  shaping o f  the
signal pulse in order to  obta in the optimum s igna l- to -no ise  r a t io
consis ten t w ith  the counting rate and other experimental co n d it io n s .
Another func tion  o f the shaping a m p l i f ie r  is to  shorten the time duration
o f the pulses to reduce the p ro b a b i l i ty  o f  pulse p ileup which occurs
when two or more pulses are so c lo se ly  spaced in time tha t some pulses
r ise  from the non-zero voltage level provided by the t a i l  o f  the
preceding pulse. In the shaping a m p l i f ie r  the pulses are d i f fe re n t ia te d
and in tegrated w ith  time constants very much shorter than the p re a m p lif ie r
time constant. In e f fe c t  th is  shaping removes the slow decay component
o f  the p re a m p lif ie r  pulse and terminates the pulses in a much shorte r time,
thus reducing pulse overlap. For high reso lu tion  work a t low counting
rates i t  is common to  use RC shaping networds rather than delay l in e
shaping which gives b e tte r  re su lts  fo r  high counting ra tes. S l ig h t ly
b e t te r  re so lu t ion  can be obtained by using an a m p l if ie r  w ith  an ac t ive
52)
f i l t e r  network as discussed by F a irs te in  and Hahn .
The main a m p l i f ie rs  employed in th is  work were a Tennelec model
3
TC 200 and an ORTEC model 4^0. The TC 200 was connected to  the 2 cm 
de tec to r and TC 130 p rea m p lif ie r  system. For th is  system, the RC time 
constants which gave the optimum reso lu tion  were 1.6 y, sec fo r  the f i r s t  
d i f f e r e n t ia to r  and in te g ra to r  and 1 msec fo r  the second d i f f e r e n t ia to r .
6 2
The ORTEC 440 a m p l i f ie r ,  which had a se lectable a c t iv e ' f i I  te r  network,
3
was connected to the 8 cm detector and ORTEC 118A p re a m p li f ie r  system. 
Optimum re so lu t io n  fo r  th is  assembly was achieved fo r  a time constant 
o f  2 n  sec fo r  the d i f fe re n t ia to r  and in teg ra to r .  No second d i f f e r ­
e n t ia to r  was provided w ith  th is  a m p l i f ie r  as i t  was equipped fo r  po le- 
zero ca n ce lla t io n  which prevents reso lu t ion  degradation a t high counting 
ra tes.
3.4 Multichannel Analyzer
A f te r  ion iz ing  events in the detector are converted to  voltage
pulses by the p re a m p lif ie r  and are am plif ied  and shaped by the main
a m p l i f ie r ,  these pulses are then analyzed (sorted) according to th e i r
pulse height and the number o f  pulses having various heights are stored
in the memory section o f a multichannel analyzer. The pulse height
ana lys is  is accomplished by means o f and a n a lo g - to -d ig i ta l  converter
(ADC). A pulse entering  the ADC is converted to d ig i t a l  form usua lly
53)by means o f  the Wilkinson method 7 . This method employs the p r in c ip le  
o f  pulse height to  time conversion in tha t the incoming pulse tr ig g e rs  
a c i r c u i t ,  ca lled  the voltage ramp generator c i r c u i t ( o r  ju s t  the ramp), 
which begins to  increase in voltage and simultaneously a c lock-pulse 
generator produces d ig i ta l  pulses at a ra te  o f  several megahertz. When the 
vo ltage level o f  the ramp matches the voltage o f  the pulse, the pulse 
height has been converted to  the time needed fo r  the ramp and pulse to  
become equal. This time is represented by the number o f  s igna ls  from the 
pulse generator. The ramp.has a behaviour resembling tha t o f  a simple 
ca p a c ito r, the d if fe rence  being tha t the ramp is designed so tha t the 
charging is nearly  l in e a r  w ith  time as opposed to the exponential charging
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o f a pure capac ito r. The d ig i ta l  pulses cause a re g is te r ,  ca lled  the 
address scaler., to  advance by an amount equal to  the number o f pulses in 
the d ig i ta l  pulse t ra in .  This amount represents the channel ( lo ca tio n  
in the f e r r i t e  core memory) in which the event w i l l  be counted. The 
slope o f  the ramp, . i .e . voltage per u n it  time or per number o f  d ig i ta l  
pulses is ca lled  the conversion gain o f  the ADC. For a conversion gain 
o f  4096, a pulse w ith  a height representing f u l l  scale (maxium input 
amplitude) fo r  the ADC w i l l  cause the ramp to  charge fo r  a time s u f f ic ie n t  
to  cause the c lock-pulse generator to  generate 4096 pulses and the event 
w i l l  be stored in channel 4096. The remainder o f  an analyzer system 
consists o f  u n its  which a llow  readout o f  the spectrum stored in  the 
memory. This readout can consis t o f  a d isp la y  cathode-ray tube, d ig i ta l  
l i s t in g  o f  counts in corresponding channels typed on a typ e w rite r  or 
te le type p r in te r ,  a paper tape punch, or a magnetic tape w r i te r .
The requirements placed on an analyzer used in conjunction w ith  a , 
high reso lu t ion  Ge(Li) detector are a large number o f  channels, a h igh ly  
l inea r ramp, good zero and ramp s t a b i l i t y  and the a b i l i t y  to  handle high 
count rates w ithout d is to r t io n  o f  the spectrum.
With the continu ing improvement in the re so lu t io n  o f  Ge(Li) 
detector systems, the need fo r  more channels fo r  storage o f  the ever 
narrowing f u l l  energy peaks is  qu ite  ev iden t. The l in e a r i t y  o f  the ramp 
determines the in tegra l and d i f f e r e n t ia l  l i n e a r i t y  o f the system.
Integra l l i n e a r i t y  is a measure o f how l in e a r  the peak loca tions  are as 
a function  o f  the corresponding gamma-ray energy and is a requirement 
fo r  p rec is ion  energy measurements. D i f fe re n t ia l  1 in e a r i ty  re fe rs  to  the 
e q u a li ty  in the pulse height widths o f  the channels. The zero and ramp
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s t a b i l i t y  is necessary to prevent peak broadening due to d r i f t s .  The 
a b i l i t y  to  handle high counting rates is determined by the d ig i t iz in g  
ra te  and the storage time o f  the ADC. The d ig i t i z in g  rate is determined 
by the frequency o f the c lock-pu lse  generator. For an ADC employing a 
16 mHz d ig i t i z in g  rate and a 25 f l  sec storage time, the to ta l  time fo r  
handling a pulse which is stored in channel 4000 is  292 fj, sec. I f  the 
average processing time is assumed to  be 150 jU sec and pulses which 
produce a smooth spectrum are fed in to  the ADC at a rate o f 1000 per 
second, then the ADC would be analyz ing 15% o f the time. I f  the 
counting rate was 10,000 per second the ADC would be analyzing 
e s s e n t ia l ly  100% o f the time and the average time between pulses would 
be less than the processing time o f the ADC, there fo re  some o f the 
events would not be counted, as the ADC is in se n s it ive  to  incoming pulses 
wh ile  a preceding pulse is  being processed. This time tha t the ADC is 
in s e n s it iv e  to  incoming pulses is  re fe rred  to  as the dead time. In 
any one second only 6600 o f  the 10,000 pulses would be analyzed. At 
these higher counting rates some ADC's e x h ib i t  a smearing o f  the data 
which can be caused by incomplete DC re s to ra t io n  o f  the ramp.
The multichannel analyzer employed in th is  work consisted of a 
Nuclear Data model 161F ADC (4096 channels), a Nuclear Data 181M memory 
u n i t  (1024 channels), a Nuclear Data 181R readout contro l u n i t ,  a 
T e k tron ix  RM 503 osc il loscope d isp la y  and a T a l ly  model 420 paper tape 
p e r fo ra to r .
The Nuclear Data 161F ADC had a 16 mHz d ig i t i z in g  rate and a storage
time o f  25 f i  sec. The inputs employed were the d ire c t  access (0 to  -3 V)
3 3fo r  the 2 cm detector system and the 0 to  10 V input fo r  the 8 cm
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detector system. The in te g ra l n o n l in e a r i ty  o f  the ADC was c a re fu l ly
measured (see chapter 4) and the ADC was found to  be 1 inear to  be tte r
than 0 .025%’ (percentage re fe r re d  to  f u l l  scale) over 90% o f the ramp.
The ADC was coupled to  the memory by means o f a d ig i t a l  window which
addresses any two ADC octants  (512 cnannels) in to  the 1024 channel
6memory. The memory'unit had a storage capacity  o f  10 -  1 (20 b i t )
counts per channel. The readout con tro l u n i t  was used to d r ive  the T a l ly  
tape punch. Display o f the spectra was accomplished on the Tektronix 
RM 503 both during accumulation o f  the data and as a s ta t ic  d isp lay 




The 16 year ^^Eu a c t iv i ty  was purchased from New England
Nuclear Corpora tion .' The a c t i v i t y  thus obtained was observed to  have
26% ^ E u  impurity and 0.9% ^ E u  impurity.
160The 72 day Tb a c t i v i t y  was produced by thermal neutron
159i r ra d ia t io n  o f  na tura l terbium (100% abundance fo r  Tb) in the
Georgia Tech Research Reactor. The a c t i v i t y  produced showed no im purity .
■ 168A c t iv i t y  o f  86 day Tm was produced in the ORNL 86-inch 
168 168cyclotron by the Er(p,n) Tm reaction. The 23 meV protons were
degraded to  12 meV w ith  aluminum absorbers to maximize the production
168 167 o f  Tm and minimize the production o f  9.6 day Tm by the (p,2n)
reaction. The ta rg e t  materia l was is o to p ic a l ly  enriched to  95.2% in 
168the isotope Er. A f te r  i r r a d ia t io n ,  the ta rge t material was d isso lved
in n i t r i c  acid and the rare earths were p re c ip i ta te d  w ith  ammonium
hydroxide. The ra re  earths were then fu r th e r  p u r i f ie d  by anion exchange
chromatography. The f ra c t io n iz a t io n  o f  the rare earths was accomplished
by ca tion  exchange w ith  a  “  hydroxy isobutyr ic  acid so lu t ion  as the
e luan t. The organic materia l was removed by treatment w ith  concentrated
168n i t r i c  acid and the Tm converted to  a ch lo r ide  by repeated treatment
w ith  hyd roch lo r ic  ac id . The only recognizable impurity was 9 .6  day 
167Tm which was allowed to  decay fo r  a period o f  2 months before any 
*
spectra were taken.
Samples s u ita b le  fo r  counting were, prepared by depos it ing  the 
a c t i v i t y  on cardboard source mounts w ith  cellophane tape backing and
• $ 6
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dry ing  under an in fra red  lamp. The amount o f  a c t i v i t y  which was used 
fo r  sources was between 2 and 10 microcuries. This range o f  a c t i v i t y  
was found to give desirab le  counting rates when analyzed in the standard 
source geometry (2 and A cm, source to de tector d is tance ).
A .2 Gamma-Ray Energy Measurements
Assuming tha t the energy response o f a Ge(Li) de tec tor is l in e a r ,  
the measurement o f  the energy o f a gamma ray can be made by simply
#v
re la t in g  the channel loca tion  o f the fu l l-e n e rg y  peak o r escape peak 
to  tha t o f  one or more gamma rays whose energies are we ll known. This 
measurement is accomplished by simultaneously analyz ing the sourse 
whose gamma ray energy or energies are to be measured and sources w ith  
w e ll known gamma-ray energies. The re s u lt in g  f u l l  energy peaks are 
then used to  determine the peak locations e i th e r  by hand using a 
t r ia n g u la r iz a t io n  method or more commonly on a computer using a le a s t-  
squares f i t t i n g  technique. The c a l ib ra t io n  energies and th e i r  co rre ­
sponding peak locations are then used to e s ta b l is h  a l in e a r  le a s t-  
squares f i t  o f  gamma-ray energy versus channel lo c a t io n .  The c o e f f ic ie n ts  
o f  th is  f i t  are then used to  ca lcu la te  the energies o f  the gamma rays 
under study. This procedure is used to determine the energies o f  the 
more prominent gamma rays emitted by the isotope being stud ied. To
*  2 An escape peak'occurs when gamma rays o f energy 2: 2mQc , where mQ is
the e lec tron  rest mass, in te ra c t v ia  pa ir  production and in the ann i­
h i la t io n  o f  the p o s itro n , one or both o f the a n n ih i la t io n  quanta escape
the detector w ithout in te ra c t in g . Thus escape peaks w i l 1 have energies 
■ o 2
E -m c and E -2m c fo r  escape o f  one and.both quanta re spe c t ive ly .  y  o y  o •
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c a l ib ra te  the less intense gamma rays, the measured values fo r  the more 
prominent lines are used as standards in spectra conta in ing only gamma 
rays from the isotope under study. This is done since spectra contain ing 
l in e s  from c a l ib ra t io n  sources have considerable Compton backgrounds 
which obscure the low in tens ity ,peaks. The accuracy o f  the energy 
measurement is determined by the accuracy to  which the c a l ib ra t io n  
energies are known, the accuracy to which the peak loca tion  can be 
ca lcu la te d , and the goodness o f  the energy versus channel lo ca tion  f i t .
For an e le c tro n ic  system w ith  pe rfec t pulse height l i n e a r i t y ,  the
c o n tr ib u t io n  to  the underta in ty  o f  the ca lcu lated energy from the energy
versus channel f i t  w i l l  be n e g l ig ib le .  However, in p ra c t ic e ,  the
amplifier-ADC system is not l in e a r  and the accuracy o f  the energy f i t  w i l l
be important to the ove ra ll accuracy o f the energy determ ination. For
th is  reason i t  becomes important to measure the l in e a r i t y  o f  the
ampl ifier-ADC system w ith  the highest possible p rec is ion .
The measurement o f  the system n o n l in e a r ity  is accomplished using a
p re c is io n  (extremely l in e a r ,  extremely stable) mercury re lay  pulse
54)
generatorand the method described by Black . The pulser used in th is  
work consisted o f  a stable b a tte ry  voltage source, mercury re lay  and a 
potentiom eter w ith  a reso lu t io n  o f  one part in 10”*. The schematic o f 
the pu lser is presented in f ig u re  10. The most c r i t i c a l  component in 
the pulser is  the p rec is ion  decade potentiometer. The potentiometer 
used In the pulser was a John Fluke model 61A/C which had a spec if ied  
in te g ra l n o n lin e a r ity  o f  iO .0025% o f f u l l  scale and a p rec is ion  or 
re s o lu t io n  o f  two parts in 10^ or 0.0002%,
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For the purpose of th is  measurement, f ig u re  11 serves to  define 
the l in e a r i t y  o f  the pulse-amplitude measuring system. To measure the 
n o n l in e a r i ty ,  the output o f  the pulser is connected d i r e c t ly  to  the 
input o f  the p rea m p lif ie r  w ith  the pulse shaped so tha t i t  matches, as 
c lose ly  as poss ib le , the shape o f a p re a m p lif ie r  pulse produced by a 
gamma-ray event in the de tector. The reference voltage is chosen so 
th a t the maximum amplitude pulse ( f u l l  scale on the potentiometer) from 
the pulser w i l l  enter the ADC and be stored near channel k096. Due to  
e le c tro n ic  noise, the pulser signal w i l l  be stored in several adjacent 
channels and w i l l  give a "peak" d is t ru b u t io n .  The channel loca tion  
re fe rred  to  here is the highest po in t when the adjacent po in ts  on e ith e r  
side accumulate w ith  equal rates (determined v is u a l ly  from viewing the 
d isp lay during pulse height an a lys is ) .  From experience, th is  method o f 
es tim ating  the peak loca tion  is accurate to  0.05 channel.
The a m p l i f ie r  gain and zero level o f  the ADC are then adjusted so 
tha t fo r  two a r b i t r a r i l y  chosen pulse amplitudes, a re la t io n sh ip  between 
the pulser amplitude (reading on the potentiometer) and the corresponding 
channel in which the pulse is stored is estab lished in the form
. C = aP ( ^ - 0
where C is  the channel loca tion  o f  the pulse o f  amplitude P (pot reading) 
and a. is  the slope. The two po in ts  (C j,P j)  and ( ^ ^  are ca^ ec* t îe 
" T i "  p o in ts , see f ig u re  11, and the re la t io n s h ip  established the l in e a r  
response to  be used as a reference. This re la t io n s h ip  defines the zero 
level in tha t a pulse o f  zero amplitude corresponds to  channel zero fo r  
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Fig. 11. The l i n e a r i t y  o f  a pu lse  he igh t analyzer system.
The s t ra ig h t  l in e  d e f in e s  the response o f a l inea r 
system and the curve the response o f  an actual 
/ /  system. At a g iven channel C1 , the n o n l in e a r ity  is 
given by 6C. The “ T i" .  p o in ts  are chosen to  estab lish  
the 1 inear response.
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re la tionsh ip , (4 -1 ) ,  one can p re d ic t  the channel, C , to  which aA
given pulse amplitude, P , would correspond i f  the system were
A
l in e a r .  For a non linear system P w i l l  correspond to anotherX
channel C' and C -  C' is  by d e f in i t io n  the n o n l in e a r i ty  a t
X  A X
channel C '.  For the spectrometer system used in  th is  work, the
X
slope a  in  equation (4-1) was chosen to be 4 and the " T i "  points
were channel 272 (pot reading o f  68) and channel 3344 (pot reading
o f 836). The pulser time constants which best approximated gamma-
ray pulses were a t o t a l  r is e  time o f 1.2 n sec and an RC decay time
3
o f 100 jisec f ° r the 8 cm de tec to r system and 2 and 100 jisec
3
respective ly  fo r  the 2 cm de tec to r system. The system n o n l in e a r ity  
fo r  the 8 cm de tec tor system was measured w ith  the ORTEC 118a 
p ream plif ie r gain s e t t in g  o f  x lO , w ith the ORTEC 440 a m p li f ie r  
time constant se t a t 2 jisec f o r  unipolar output pulses, and using 
the 10 V input to  the ADC. The 2 cm  ̂ de tector system n o n l in e a r ity  
was measured w ith  the TC 200 a m p li f ie r  time constants set at 1.6 
jjsec fo r  the f i r s t  d i f f e r e n t ia t o r  and in te g ra to r  and 1 msec fo r  the 
second d i f f e r e n t ia to r .  The in p u t to the ADC fo r  th is  system was 
v ia  the d ire c t  access.
To measure the n o n l in e a r i ty  near channel C the pulses from
X
the pulser were adjusted in  amplitude u n t i i  a peak was observed 
to  accumulate w ith  i t s  ce n tro id  a t C . The accumulation wasX
v is u a l ly  monitored f o r  a period o f  5 to 10 seconds a f te r  the 
adjustment o f the po t, and i f  the above peak loca tion  c r i te r io n  
was observed, the pu lser pot reading P' was recorded provided tha tX
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the " T i "  po ints were re a l ized  immediately p r io r  to  and a f te r  the 
accumulation. The " T i "  po in ts  were checked to  ensure th a t the 
re la t io n  C = *fP was v a l id .  A f te r  P‘ had been determined the 
l in e a r i t y  co rre c t io n  fa c to r ,  C = C -  C' = 4(P -  P ') ,  was
A  A  X  X
recorded fo r  the channel C' =4P ‘ . This procedure was repeated fo r
X  X
a l l  channels in  the range 128 to  3968 which were m u lt ip les  o f  128.
A dd it iona l channels were also included fo r  regions w ith  the la rges t
n o n l in e a r i ty  and the t o t a l  number o f  channels fo r  which the
3
n o n lin e a r i ty  was measured was 73 fo r  the 2 cm detector system and 
358 fo r  the 8 cm de tec tor system. For each channel C , the non-
X
l in e a r i t y  was determined a t  le as t four times and the average was
taken to  be the n o n l in e a r i ty .  For each detector system a polynomial
was f i t  to  the measured l i n e a r i t y  co rre c t io n .  The f i t t i n g  procedure
was done fo r  three ranges o f  channels w ith  s u f f ic ie n t  channels in
the overlap to  insure a smooth continuous curve. The l in e a r i t y
co rrec tion  curve fo r  the 2 cm detector system is  displayed in
f ig u re  12. The l in e  is  the polynomial f i t  to  the experimentally
measured p o in ts .  For the 2 cm detector system, the devia tion  from
l in e a r i t y  was less than one channel over the range from channel 120
to channel 3850 or less than 0.025% over 91% o f  the ADC ramp. The
8 cm̂  detector system had a l in e a r i t y  co rrec t ion  curve w ith  an
almost id e n t ic a l  shape but w ith  a fa c to r  o f  2 more n o n l in e a r i ty  a t  
\
each channel. I t  appears th a t the ADC determines the shape o f the 
curve and the a m p l i f ie r -  p re a m p lif ie r  systems p r im a r i ly  con tr ibu te  
to  the magnitude o f  the dev ia t ion  from l in e a r i t y .
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Fig. 12. The experimenta lly measured l in e a r i t y  co rrec tion  
curve fo r  the 2 crrr detector system.
the e x c e l le n t  energy versus channel f i t s  ( to  f i r s t  degree) obtained 
fo r  c a l ib ra t io n  sources. Examples o f  ty p ic a l  "good" c a l ib ra t io n  
f i t s  are presented in  tables 4 and 5. In these tables, the corrected 
channel is  the peak loca tion  channel corrected f i r s t  fo r  zero s h i f t  
and then fo r  the n o n l in e a r i ty .  The f i t  is  a weighted (by the 
u n ce rta in ty  in  the c a l ib ra t io n  energy) least-squares s t ra ig h t  l i n e .
The s ig n i f ic a n t  pa rt o f  the tab le  is  the f i f t h  column where the 
d if fe re n c e  in  the ca lcu la ted energy and the true energy is  presented. 
For 7 o f  the 13 energies in  tab le  4 and fo r  a l l  10 energies in  
tab le  5, th is  d if fe rence  is  less than or equal to the u n ce rta in ty  in  
the c a l ib ra t io n  energies. I t  is  a lso s ig n i f ic a n t  th a t the c a l ib ra ­
t io n  energies are from several isotopes and tha t most o f  the 
energies were independently measured by independent methods.
A Ge(Li) spectrometer, w ith  w e ll known l in e a r i t y  c h a ra c te r is t ic s  
enables one to make very precise energy measurements. The unce rta in ty  
to  which a gamma-ray energy can be measured depends almost e n t i r e ly  
on the accuracy wi'th which the peak loca tions can be ca lcu la ted  and 
the accuracy or. prec is ion  o f  the energies used as c a l ib ra t io n  
standards. I t  can be seen from the q u a l i ty  o f  the c a l ib ra t io n  f i t s  
o f  tab les k  and 5, tha t the e r ro r  in  the c a l ib ra t io n  f i t  w i l l  no t 
make any appreciable c o n tr ib u t io n  to  the precis ion to  which energy 
measurements can be made. Thus to obta in  the highest possible 
p rec is io n  i t  is  necessary-to employ a set o f  c a l ib ra t io n  energies 
w ith  as high p rec is ion  as poss ib le . The c a l ib ra t io n  energies 
employed in  th is  in ve s t ig a t io n  are l is te d  in  table 6. These energies
Table 4. A l in e a r  least-squares f i t  o f the c a l ib ra t io n  energies o f
182 192the p r in c ip a l gamma rays from Ta and I r .  The values 
. in the c o l .  2 are the channel loca tion  o f the peaks corrected 
fo r  a zero s h i f t  o f  -3.184 channels and fo r  the n o n - l in e a r i ty  
a t  tha t channel. The spectrum analyzed was taken on the 2 cm 








U ncerta in ty  
in True 
Enerqy a)
169.610 165.956 84.678 84.685 0.007 0.003
199.621 196.185 100.102 100.108 0.006 0.002
226.072 222.767 113.671 113.670 -0.001 0.003
301.780 298.687 152.429 152.405 -0.024 0.003
354.574 • 351.578 179.389 179.390 0.001 0.004
391.658 388.726 198.358 198.343 -0.015 . 0.008
438.167 435.294 222.104 222.102 -0.002 0.005
452.305 449.445 229.317 229.322 0.005 0.008
520.410 517.600 264.068 264.094 0.026 0.009
582.794 580.021 295.938 295.942 0.004 0.009
607.272 604.513 308.429 308.438 0.009 0.010
623.058 620.30,7 316.486 316.496 0.010 0.010
919.980 917.393 468.053 468.070 0.017 0.014
a) For the source o f  the gamma-ray energies and u n ce rta in t ie s  see 
" tab le  6.
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Table 5. A l in e a r  leas t squares f i t  o f  the c a l ib ra t io n  energies o f
the p r in c ip a l gamma rays from ^ ^ l r ,  ^ S r ,  ^ ^ B i ,  ^ ^C s ,
54 88Mn, and y. The co rrec t ion  in column two is fo r  a zero 
s h i f t  o f  2.326 channels and the n o n - l in e a r i ty  a t  the
3
channel. The spectrum analyzed was taken on the 8 cm 








Uncerta in ty  
in True 
Enerqy a)
1037.819 1041.863 468.053 468.061 0.008 0.014
1139.865 1144.041 513.974 513.966 -0.008 0.016-
1263.692 1268.006 569.640 569.658 0.018 0.020
1305.716 1310.070 588.557 588.555 0.002 0.017
1340.916 1345.301 604.385 604.383 -0.002 0.017
1358.842 ' 1363.242 612.435 612.443 0.008 0.017
1468.252 1472.725 661.631 661.629 -0.002 0.028
1853.563 1858.156 834.797 834.787 -0.010 0.029
1964.201 1968.809 884.495 884.498 0.003 0.020
1994.234 1998.846 897.998 897.993 -0.005 0.028
a) For the source o f  the gamma-ray energies and u n c e rta in t ie s  see 
tab le  6
Table 6. C a lib ra t io n  Sources and Energies
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Isotope Energy3  ̂ References^
2Zf1Am 59.536 ±0.001 • 5 5 ,5 6
170_ 84.263 ± 0.004 57,(84.269 ± 0.008)im
153Sm 69.675 ± 0.002 58, 59
103.179 ± 0.002 58, 59, 60
177Lu ' 112.952 ± 0.003 61
208.359 ± 0.010 ' 61
141 Ce 145.443 ± 0.004 62,63,64,(145.444 ±  0.010)
139Ce 165.856 ± 0.009 62,63,64,(165.864 ±  0.013)
2°3Hg 279.190 ± 0.007 64,65,(279.187 ± 0.013)
51C(. 320.079 ± o ' o i 2 63, 64
198Au 411.795 ± 0.009 66
85Sr . 513.974 ± 0.016 63,67(513.973 ± 0.020)
207b| 569.640 ± 0.020 68,(569.643 ±  0.022)
1063.628 ± 0.035 68,(1063.627 ±  0.041)
137Cs 661.631 ± 0.028 69, 70
54Mn 834.797 ± 0.029 63, 67, 70
88y 897.998 ± 0.028 63, 70
1836.077 ± 0.040 63,70,(1836.079 ±  0.043)
65Zn 1115.543 ± 0.035 63,(1115.554 ± 0.041)
60. 1173.226 ± 0.040 66
w O  *
1332.483 ± 0.046 66




,82Ta 84.678 ± 0.003 72
100.102 ±  0.002 . 72
113.671 ± 0.003 72
1 16.414 ± 0.004 72
152.429 ± 0.003 72
. 156.389 ± 0.004 72
179.392 ± 0.005 72 •
198.358 ± 0.008 72
222.104 ± 0.005 72
229.317 ± 0.008 72
264.068 ± 0 .0 0 9 72
,9 2 l r 295.938 ± 0 .0 0 9 66
308.429 ± 0.010 66
136.486 ±  0.010 66
468.053 ± 0.014 66
588.557 ± 0.017 . 66
1
604.385 ±  0.017 66
612.435 ± 0.017 66
884.495 ±  0.020 66
a) The values l is te d  in th is  column represent the weighted average o f 
the values reported in the references presented in column 3.
b) The values in parenthesis are values which werejneasured in . th is  
labora to ry  re la t iv e  to  the values f o r : l8^Ta, '9 * I r , '1 9 ° A U, ^°Co 
and '* 'C s .
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resu lted  from an exhaustive search o f the l i te r a tu r e  in  which the 
most cons is ten t set o f high p rec is ion  measurements reported was 
used to  ob ta in  a weighted average fo r  each gamma ray . In th is  work 
the weighted average o f N q u a n tit ie s , A. ±  a ;, is  given by the 
quadra tic  weighted average
N A . /a .2 ■
A = L  -S— i~  . (4-2)
i= l  1 / a /
In some cases the energies o f some gamma rays were measured in  th is  
labo ra to ry  to  supplement the values found in  the l i te r a tu r e .  These 
energies were measured re la t iv e  to  the values o f  the primary 
standards ^ 2Ta, ^ 2 l r ,  .^^Au, ^ C o , and * ^ C s . These supplementary 
values are those values in  column 3 which are in  parentheses. The 
l i te r a tu r e  values used in  the average are those quoted in  the 
references l is te d  in  column 3. In any p a r t ic u la r  energy range, the 
minimum unce rta in ty  th a t can be quoted fo r  a measured gamma-ray 
energy.should be a value determined by the u n c e rta in tie s  o f the 
c a lib ra t io n  energies in  th a t range. The u n c e rta in tie s  in  the 
c a lib ra t io n  energies o f tab le  6 p lo tte d  versus the energies to  which 
they belong are the po in ts in  f ig u re  13* The s o lid  curve is  a 
least-squares parabo lic  f i t  to  the po in ts  and fo r  a p a r t ic u la r  gamma- 
ray energy measured here, the value on the curve, a t th a t energy, 
gives the lower l im i t  on the u n ce rta in ty  in  the measured energy, th a t 
is , the curve defines the p rec is io n  l im i t .  For a l l  gamma-ray energies 
to  be reported in  chapter 5, the u n ce rta in ty  quoted is  the la rg e s t 
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Fig. 13. The curve de fin in g  the lower l im i t  fo r  the 
u nce rta in ty  o f a measured gamma-ray energy. 
The po in ts  are from tab le  6.
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in d iv id u a l measurements fo r  each lin e , which is  given by
l N i i
Z - C S - T ) 2or i= l  or.x
J.L.
where cr. is  the u n ce rta in ty  in  the i  measurement and N is  the 
number o f in d iv id u a l measurements, (2) the RMS d e v ia tio n  o f the 
in d iv id u a l measurements from the average, o r (3) the p re c is io n  
l im i t  from fig u re  13. These unce rta in ties  are considered to  be 
standard dev ia tion s , th a t is , quoted on th e 'b a s is  o f  a 68% confidence 
le v e l.
4 .3  Gamma-Ray In te n s ity  Measurements
Gamma-ray in te n s it ie s  are determined from pure spectra  o f the 
isotope under s tu d y .' Each photopeak is  f i t  to  a Gaussian and the 
area under the Gaussian is  d iv ided by the photopeak e f f ic ie n c y  fo r  
the corresponding gamma energy. This photopeak e f f ic ie n c y  need be 
on ly  a re la t iv e  e f f ic ie n c y .  From the in ce p tio n , th is  research had 
as i t s  o b je c tiv e , the p rec is ion  determ ination o f  gamma-ray energies 
and, more im portant, gamma-ray in te n s it ie s .  The determ ination  o f 
area can be accomplished to  a very high p re c is io n  (the  s ta t is t ic a l  
e rro r  in  the area can be reduced below 0.1% by making numerous 
determ inations from spectra in  which the more prom inent peaks contain 
~ lo6  counts). Thus the p rec is ion  w ith  which in te n s it ie s  can be 
determined depends almost so le ly  upon the accuracy to  which the 
photopeak e ff ic ie n c ie s  are known. The e f f ic ie n c y  c a lib ra t io n  fo r  
the detectors used in  th is  work w i l l  the re fo re  be discussed in  d e ta i l .
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The photopeak e ff ic ie n c y , e (E ), o f a given de tecto r and count-
73) ^ing geometry is  given '  by
o
where Np is  the photopeak counting ra te  fo r  a gamma-ray o f energy E 
which is  em itted from a source w ith  an is o tro p ic  emission ra te  NQ 
and A is  the a ttenuation  fa c to r re s u ltin g  from gamma-ray absorption 
in  the detector housing and any beta absorber used in  the experiment. 
I f  a standard beta absorber is  to  be used in  tak ing  a l l  gamma-ray 
spectra, then the a ttenua tion  w i l l  be constant fo r  a given energy 
and a.more usefu l e ff ic ie n c y  is  then the photopeak e ff ic ie n c y , Aep, 
which includes a l l  the energy dependence and is  given by
ACp- i  , (4-5)
The photopeak e ff ic ie n c y  c a lib ra tio n  o f a de tec to r then consists 
o f measuring Aep as a fu n c tio n  o f gamma-ray energy. To do th is  one 
needs sources o f  gamma rays w ith  accura te ly  known is o tro p ic  gamma 
emission ra te s . Another requirement is  th a t the in d iv id u a l sources 
emit on ly  a s in g le  gamma ray (monoenergetic source) o r have a spectra 
s u f f ic ie n t ly  simple th a t coincidence summing o f gamma rays is  
n e g lig ib le .  Some sources w ith  ca lib ra te d  d is in te g ra t io n  rates 
accurate to  5% are commercially a va ila b le . However, in  the 
e ff ic ie n c y  c a lib ra tio n  o f  the detectors used in  th is  in ve s tig a tio n  
commerical sources were not used. Rather, the is o tro p ic  emission 
rates o f a set o f sources w ith  simple spectra were experim enta lly
8 2
determined. This was done fo r  two reasons. F ir s t ,  on ly  a lim ite d  
number o f commercial sources are a va ila b le  and the gamma energies 
o f these sources do not adequately cover the energy range fo r  which 
the e ff ic ie n c y  c a lib ra tio n  is  needed. This energy range is  60 to  
3000 keV. Second, the use o f commercial sources w i l l  not re s u lt 
in  a e ff ic ie n c y  c a lib ra tio n  o f the h ighest accuracy. Commercial 
sources are usua lly  ( fo r  j3 e m itte rs ) c a lib ra te d  according to  the 
absolute d is in te g ra tio n  ra te  and to  ob ta in  NQ one has to  use 
in fo rm ation  concerning the decay scheme, fo r  example j3 branching 
ra tio s  and measured conversion c o e ff ic ie n ts  where a v a ila b le . With 
a 5% u nce rta in ty  in  the d is in te g ra tio n  ra te  and c a lc u la tin g  NQ from 
decay scheme p rope rties , the re s u lt in g  u n ce rta in ty  in  the ca lcu la ted  
value o f Nq can reasonably be expected to  exceed 15%. This would 
re s u lt  in  a 15% unce rta in ty  in , th e  Ae c a lib ra t io n .  This unce rta in ty
r
is  fo r  an absolute photopeak e f f ic ie n c y .  Since re la t iv e  photopeak 
e ff ic ie n c ie s  are s u f f ic ie n t ,  th is  u n ce rta in ty  can be reduced somewhat. 
For re la t iv e  e ff ic ie n c ie s  the u n ce rta in ty  w i l l  be less than 15%.
The actua l u nce rta in ty  in  the re la t iv e  e ff ic ie n c y  c a lib ra t io n  is  very 
d i f f i c u l t  to  estim ate, and any estim ate is ,  to  a large ex te n t, on ly 
a p la u s ib le  guess o f the system atic e r ro r .  To achieve the most 
accurate re la t iv e  photopeak e ff ic ie n c y  c a lib ra t io n  an e f fo r t  was made 
to  achieve an accurate absolute photopeak e ff ic ie n c y  c a lib ra t io n .
The determ ination o f the is o tro p ic  gamma emission ra te  as o u tlin e d  
below can y ie ld  the emission ra te  to  an accuracy o f less than 5% and 
thus ACp can be measured w ith  an u n ce rta in ty  o f 5% fo r  an absolute 
c a lib ra t io n .
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The measurement o f the is o tro p ic  gamma emission ra te  can be
73)accomplished using the w e ll known p rope rties  o f  the Nal de tector .
These p rope rties  include the absolute e f f ic ie n c y ,  T(E), which is
the fra c t io n  o f the to ta l number o f gamma rays em itted from a
source which in te ra c t w ith  the de tec to r by lo s in g  a f i n i t e  amount
73)o f  energy. Heath has ca lcu la ted  T(E) fo r  various Nal de tector 
sizes and various source -to -de tecto r d istances (along the axis o f 
the c y lin d r ic a l d e te c to r). Another p roperty  is  the p e a k -to -to ta l 
r a t io ,  P, which is  the ra t io  o f the number o f counts under a photo­
peak to  the to ta l number o f counts in  the spectrum. Heath has 
c a re fu lly  measured the p e a k -to - to ta l ra tio s  fo r  some standard gamma 
ray energ ies.
In a gamma-ray spectrum, the to ta l number o f counts from one 
gamma ray, N^, should be re la ted  to  the is o tro p ic  gamma emission 
ra te , NQ, o f the source by
N = N T(E) (4-6)y  O
where T(E) is  the ca lcu la ted  value fo r  the absolute e f f ic ie n c y .
That th is  re la t io n  does not hold in  p ra c tice  is  due to  the ra d ia tio n  
Compton sca tte red  by the surroundings in to  the s o lid  angle o f the 
d e te c to r. Since the a d d itio n a l Compton sca tte red  ra d ia tio n  is  
reduced in  energy, i t  w i l l  not co n tr ib u te  to  the f u l l  energy peak; 
and the re fo re  a more precise e ff ic ie n c y  fo r  measurement o f the 
emission ra te  is  the photopeak e f f ic ie n c y ,  e (E ), which is  the
r
f ra c t io n  o f  the gamma rays o f energy E em itted  by the source which 
appear in  the photopeak o f a gamma ray spectrum. In p r in c ip le  the
photopeak e ff ic ie n c y  is  given by the r a t io  o f the p h o to e le c tr ic  
cross section  to  the to ta l cross se c tion  (p h o to e le c tr ic  + Compton + 
p a ir  p roduc tion ). However, the photopeak e f f ic ie n c y  is  a very 
d i f f i c u l t  q u a n tity  to  ca lcu la te  s ince m u lt ip le  Compton and pa ir 
production processes, w ith o u t escape o f a n n ih ila t io n  quanta, c o n tr i­
bute to  the f u l l  energy peak. For th is  reason i t  is  convenient to  
use the fo llo w in g  expression fo r  € (E)
r
c = T(E)P (4-7)
P
.where P is  the p e a k -to - to ta l r a t io  which has been measured experi­
m enta lly  fo r  selected sources under cond itions  which reduce the
73)sca tte red  ra d ia tio n  to  n e g lig ib le  le ve ls  . Using th is  d e f in it io n  
o f the photopeak e ff ic ie n c y , the is o tro p ic  gamma emission ra te , NQ, 
is  then given by
No = T(E$>PA
where Np is  the area under the photopeak and A is  the attenuation 
fa c to r  due to  absorbing m a te ria l in  the c ry s ta l housing and to  any 
beta absorber used. The a tte nua tion  fa c to r ,  A, is  given by
A = e x p ( - 2  / i . x . )  (4-9)
where fj,- and x. are the to ta l absorption c o e f f ic ie n t  and thickness 
th•o f the i  absorbing medium.
For the measurement o f the gamma emission ra te  in  th is  work,
a standard sou rce -to -de tec to r d is tance o f 10 cm was chosen so th a t
73)the p e a k -to - to ta l ra tio s  and to ta l absolute e f f ic ie n c ie s  o f Heath
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could be used. A lso the photopeak area was determined by a method 
suggested by Heath, which consisted o f symmetrizing the peak by 
constructing  a se t o f p a ra lle l lin e s  between corresponding points 
on opposite sides o f  the peak. This was done because the peak-to- 
to ta l ra tio s  were measured fo r  symmetrized.peaks. The points on the 
symmetrized peak were then summed to  ob ta in  the peak area. Before 
symmetrizing the peak, the background c o n tr ib u tio n  was subtracted 
away on the analyzer by removing the source and analyzing in  the 
sub traction  mode fo r  a l iv e  time equal to tha t fo r  which the 
spectrum was .accumulated. A lso, fo r  the case where sources contained 
two gamma rays, the Compton continuum underly ing the lower energy 
peak was subtracted away by using a s tra ig h t l in e  f i t  to those 
points on the Compton im mediately below ( in  energy) and above 
( in  energy) the photopeak. For low energy gamma rays (below 100 keV), 
the peak areas were co rrec ted  fo r  the escape o f iod ine  X-rays. The 
X-ray escape occurs fo r  low energy gamma rays which in te ra c t by 
the p h o to e le c tr ic  process near the surface o f the c ry s ta l.  When 
these in te ra c tio n s  occur, the 28-keV iod ine  X-ray can escape w ithout 
in te ra c tin g  in  the c r y s ta l .  The re s u lt  o f  th is  escape is  a peak,
28 keV lower than the photopeak, ca lle d  the X-ray escape peak. For 
the photon energies o f  60 keV and 81f keV, i t  was necessary to  
co rre c t the photopeak area fo r  the escape peak area because the 
p e a k -to -to ta l curves o f Heath could not be p re c ise ly  extrapolated 
to  these energ ies. For these energies the p e a k -to -to ta l ra t io  was
VC
assumed to  be 1.0 and the escape peak in te n s ity  was added to the
photopeak in te n s ity .  The escape peak in te n s ity  re la t iv e  to  the
photopeak in te n s ity  was measured from the Nal spectra and the
re su lts  were in  e x c e lle n t agreement w ith  the values o f Axel
and H e a th ^ . For the o th e r energies i t  is  not necessary to co rre c t
73)fo r  the X-ray escape as the p e a k -to - to ta l curves o f  Heath do not 
include th is  co rre c tio n , i . e .  the escape peak in te n s ity  is  not 
included in  the photopeak in te n s ity .  A f in a l  co rre c tio n  to  the 
photopeak area was the c o rre c tio n  fo r  h a l£ .- life  decay during the 
counting in te rv a l.  This c o rre c tio n  is  necessary fo r  those sources 
which have h a lf - l iv e s  o f the same^order o f magnitude as the 
counting in te rv a l.  The observed count, C, in  the photopeak is  
given by the average counting  ra te , N, during the counting in te rv a l,  
t c , m u ltip lie d  by the tim e , t ^ ,  th a t the analyzer was se n s itive  to 
incoming pulses ( l iv e  t im e ). The d iffe re n c e , t  -  t, , is  the dead
C  L
time as discussed in  sec tio n  3 .^ .  Thus t.o co rrec t the observed rate 
back to the ra te  a t the beginning o f the counting in te rv a l ( t  = 0) 
the fo llow ing  expression, derived using the mean value theorem o f 
in te g ra l, ca lcu lus, was used
n  c 't- io )
°  1 -  3 A c
where Nq is  the ra te  a t t  = 0, X is  the decay constant given by
if
The assumption, P = 1.0, is  ju s t i f ia b le  in  view o f the ra t io  o f 
the p ho toe lec tric  cross se c tio n  to  the to ta l cross sec tion  being 0 .98 
a t 60 keV and 0.95 a t 8h keV. These values were obta ined from the 
curve o f Nal cross sections given in  referance 73. The ra t io  o f the 
cross sections represents a lower l im i t  fo r  P and is  increased due to 
the p ro b a b ility  o f m u lt ip le  in te ra c tio n s  processes.
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X 83 In 2 /t j. ,  where tj_ is  the h a l f - l i f e  and t  is  the counting 
2 2 c
in te rv a l.  When the dead time was severa l percent o f the time t c» 
the co rrec tion  fo r  decay during the counting in te rv a l and fo r  dead 
time is  given by
A fte r the co rrected  photopeak ra te  was determined fo r  a given
gamma ray, the is o tro p ic  gamma emission ra te  was ca lcu la ted using
equation (4 -8 ), where the values o f T(E) and P were obtained from
Heath's curves , and the absorption fa c to r  A was ca lcu la ted  from
75)the to ta l photon absorp tion  cross sections o f Wapstra e t a l .  .
■ •»
The absorbing m a te ria ls  were a lu c ite  j3 absorber o f mass th ickness,
2
1394 mg/cm , a 0.025" th ic k  aluminum c ry s ta l housing, and aluminum
2
oxide packing and re f le c to r  o f mass th ickness, 87 mg/cm . The 
thicknesses o f  the aluminum housing and the Al^O^ packing and 
re f le c to r  were s p e c if ie d  by the manufacturer o f the c ry s ta l assembly.
A fte r the determ ination  o f the is o tro p ic  emission fo r  a gamma- 
ray source, the source was counted on the Ge(Li) de tec to r. The 
spectrum obtained was analyzed by f i t t i n g  a Gaussian fu n c tio n  to 
those points on the photopeak which occurred above the peak h a lf ­
h e ig h t. The photopeak area, N , is  then the area o f the Gaussian.
H
The absolute photopeak e ff ic ie n c y ,  Ac , is  then given by equation 
(4 -5 ), provided th a t the photopeak ra te , N , has been corrected fo r
r 1 , •
decay, where necessary, to  the time fo r  which the is o tro p ic  emission 
was measured. The sources and corresponding gamma-ray energies used
8 8
in  the e ff ic ie n c y  c a lib ra t io n  are given in  ta b le  7.
M u lt ip le  determ inations o f Ae fo r  each gamma ray were made
P
and the re s u lts  were averaged. The average values were p lo t te d  
as a fu n c tio n  o f energy and were f i t  by the expression
y » log A? o £  anEn . 
p n
3
The e f f ic ie n c y  c a lib ra t io n  fo r  the 2 cm d e te c to r was made fo r  
two source to  de tector d is tances; fo r  the f i r s t  s h e lf  o f  the 
permanent sample holder which is  1.8 cm from the de te c to r and fo r  
the second which is  2 .8  cm from the d e te c to r . The re s u lts  fo r  
s h e lf 2 are given in  f ig u re  14. For the 8 cm d e te c to r, the  
e f f ic ie n c y  c a lib ra t io n  fo r  a source to  de tec to r d is tance  o f  3 cm 
was made by comparing i t s  photopeak counting ra te  to  th a t ob ta ined
3
on the 2 cm fo r  s h e lf 2. The e f f ic ie n c y  was taken to  be the
3
e f f ic ie n c y  fo r  the 2 cm de tector m u lt ip lie d  by the r a t io  o f  the 
photopeak counting ra te s . Several in d iv id u a l de te rm ina tions  fo r  
each energy were made and the re s u lts  were f i t  in  the manner described .
The photopeak e f f ic ie n c y  c a lib ra t io n  fo r  the two G e(L i) d e tec to rs  
is  an absolute photopeak e ff ic ie n c y  c a l ib ra t io n .  An u n c e rta in ty  o f  
5% was assigned to  the c a lib ra t io n .  This f ig u re  inc ludes a 3% 
c o n tr ib u tio n  re s u lt in g  from the determ ination  o f  the is o t r o p ic  
em ission ra te  and a 4% c o n tr ib u tio n  to  a llo w  fo r  sys tem atic  e r ro rs .
The u n ce rta in ty  in  the determ ination o f the is o t ro p ic  gamma em ission 
.ra te  was due to  a 1% e rro r  in  the peak area de te rm in a tio n , a 2% e r ro r  
in  the p e a k -to - to ta l ra tio s  and a 2% e rro r  in  the abso lu te
89
Table 7. Gamma ray sources and energies used in the e ff ic ie n c y  























e ff ic ie n c ie s .  The e r ro r  c o n tr ib u tio n  o f 1% fo r  the peak area was 
determined from the d iffe re n ce s  in  the m u lt ip le  determ inations o f 
the photopeak e f f ic ie n c y .  Th is  u n ce rta in ty  is  due to  e rro rs  in  
the symmetrization o f  the peaks, to  e rro rs  in  making the decay and 
X-ray escape co rre c tio n s , to  e rro rs  in  estim ating  the spec tra l 
background, and to the sm all e r ro r  due to  counting s ta t is t ic s .  The 
2% e rro r in  T(E) was concluded on the assumption th a t the e rro r  
in  the to ta l photon cross sec tio n s , used in  the ca lcu la tio n  o f 
T (E ), was 3%. Heath has shown th a t an e rro r  o f 3% in  the to ta l 
cross sections would cause an e rro r  in  T(E) o f less than 2%. The 
to ta l  photon cross sections are known, in  general, to be considerably 
b e tte r than 10%^’ ^ .  The estim ate o f 3% was a r b i t r a r i ly  chosen.
The 2% e rro r  in  the p e a k - to - to ta l ra tio s  was concluded on the 
basis o f a 1% d e v ia tio n  between the independently measure values o f 
H e a th ^  and C am pion^ and a 1% e rro r  in  e x tra c tin g  values from 
the cruve given by Heath. The absorption fa c to r  was a small c o rre c t­
ion and any e rro r in  th is  fa c to r  would be n e g lig ib le  compared to 
the e rro r from o ther sources. The above sources o f  e rro r and an 
estim ated e rro r  o f less than 1% fo r  the determ ination o f the photo­
peak counting ra te  o f  the Ge(Li) detectors were added in  
quadrature and the re s u lt in g  un ce rta in ty  was 3%. The h% e rro r  
included to  account fo r  system atic e rro rs  was a r b i t r a r i ly  chosen. 
Every e f fo r t  was taken to  e lim in a te  poss ib le  sources o f system atic 
e r ro r .  The most probable source o f system atic e rro r  would be 
in e f f ic ie n t  c o lle c t io n  o f the l ig h t  produced in  the Nal d e te c to r.
Th is  can be avoided by making a good o p t ic a l coupling a t the
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Fig. 14. The photopeak effic iency curve for the 2 cm detector system.
c ry s ta l-p h o to m u lt ip lie r  tube in te r fa c e . The o p tic a l coupling was
achieved by using a s ilic o n e  grease (Dow-Corning 20-057) which is
h ig h ly  transparent and has an index o f  re fra c t io n  very nea rly  th a t
o f  the glass used in  the co n s tru c tio n  o f p h o to m u ltip lie r tubes. A
RCA 8055 p h o to m u ltip lie r tube w ith  an entrance diameter o f f iv e
inches was coupled to  the three inch Nal c ry s ta l to  insure the
maximum l ig h t  c o lle c tio n  e f f ic ie n c y .  A three inch tube was not
used fo r  fe a r th a t l ig h t  a ttenua tion  would occur at the circumference
o f  the tube as i t  had a s l ig h t ly  sm a lle r diameter than the c ry s ta l.
The excess p h o to m u ltip lie r tube entrance area was covered w ith  an
aluminum which was o p t ic a l ly  coupled to  the tube face. The aluminum
f o i l  served to  re f le c t  any l ig h t  in c id e n t upon i t  from w ith in  the
p h o to m u ltip lie r  tube. To serve as a check fo r  a system atic e rro r  
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a Cs source,, w ith  a d is in te g ra t io n  ra te  c a lib ra te d  to  b.T/o, was 
counted on the Nal detector and the ca lcu la te d  d is in te g ra tio n  ra te  
using the Nal e ff ic ie n c ie s  was 1.3% lower than the ca lib ra te d  va lue .
In the determ ination Of gamma-ray in te n s it ie s  on the Ge(Li) 
de tec to rs , re la t iv e  photopeak e f f ic ie n c ie s  w i l l  s u ff ic e  since on ly  
re la t iv e  in te n s it ie s ' need be determ ined. An u n ce rta in ty  o f 5% was 
chosen fo r  the re la t iv e  e f f ic ie n c y  c a lib ra t io n  over the range 60 
to  2750 keV. The systematic e r ro r  o f k% is  roughly 0.15% per 100 
keV. When a comparison o f re la t iv e  gamma-ray in te n s it ie s  is  re s tr ic te d  
to  an energy range o f 500 to  1000 keV ( th is  is  the energy region 
in  which most interband tra n s it io n s  o c c u r) , a 3% u n ce rta in ty  in  
the re la t iv e  photopeak e f f ic ie n c y  can be assumed since the 
e ff ic ie n c y  c a lib ra tio n  is  more c e r ta in  over a re s tr ic te d  energy range
and the system atic e rro r  is  o n ly  0.75%.
The un ce rta in ty  in  the re la t iv e  photopeak e ff ic ie n c y  and the 
u n ce rta in ty  in  the peak area determined the u n ce rta in ty  in  the 
in te n s ity .  When the weighted average o f a l l  in te r s i ty  measurements 
fo r  a p a r t ic u la r  gamma ray was taken, the re s u ltin g  uncerta in ty  
was reduced to as low as 2% fo r  some cases. For the interband 
tra n s it io n s ,  the re s tr ic te d  re la t iv e  in te n s it ie s  had unce rta in ties  
as low as 1% fo r  some cases. The un ce rta in ty  quoted fo r  a gamma-ray 
in te n s ity  is  the la rge r o f the u n ce rta in ty  obtained in  the weighted 
average and the RMS d ev ia tio n  o f the in d iv id u a l measurements from 
the average. The quoted u n c e rta in tie s  are considered to  be standard 
d e v ia tio n s .
4 .4  Analysis o f the Gamma-Ray Spectra
Due to  the tremendous data a c q u is it io o  c a p a b ility  o f a Ge(Li)
4096 channel spectrometer system and to  the re la t iv e  com plexity o f 
the decay schemes th a t were s tud ied , the ana lysis o f the spectra l 
data was accomplished using computer routines which were run on an 
IBM 7040 computer.
In the analysis o f a gamma-ray spectrum, the q u a n titie s  to  be 
determined are the energy and re la t iv e  in te n s ity  o f a l l  the f u l l  
energy peaks in  the spectrum. To do th is  the peak loca tions and the 
peak areas o f a l l  the peaks must be determined. The program G AUSS^*^ 
is  a nonlinear least-squares Gaussian f i t t i n g  program w r itte n  fo r , 
the ana lysis o f gamma-ray spec tra . The fu n c tio n a l form used to  f i t  
to  the data points o f a peak is :
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y(x) = y0 exp{-(™/i/ri-n-f7)2} (4-12)
where the parameters x q ,  the cen tro id  o f the Gaussian, y , the 
he igh t o f  the Gaussian, and wQ, the f u l l  w idth a t h a lf  he ig h t (fwhm) 
are ca lcu la te d  in  the f i t .  Incorporated in to  the program are the 
co rre c tio n s  fo r  devia tions from l in e a r i ty  o f the e le c tro n ic  system 
and the e f f ic ie n c y  o f the detector system. With some o f the peaks 
in  the spectrum having energies assigned (by in p u t) fo r  c a lib ra t io n  
purposes, the program can compute gamma-ray energies and in te n s it ie s  
fo r a l l  peaks in  the spectrum.
For each photopeak to  be f i t ,  the spectra l background (underly ing  
Compton d is t r ib u t io n ) ,  is  estimated (by inpu t) as a s t ra ig h t  l in e .  
A fte r  su b tra c tio n  o f the background fo r  each p o in t to  be used in  
the f i t ,  GAUSS makes a non linear least-squares Gaussian f i t .  This 
f i t  is  accomplished by lin e a r iz in g  the expression (4 -1 2 ). This can 
be done by using a truncated (on ly  f i r s t  d e riva tive s ) T ay lo r series 
expression fo r  the Gaussian:
Y ( P j )  “  7 ( P j )  +  ? “ f ^ T 6Pj » j  = 1 to  3 (4-13)
where the p  ̂ are the parameters o f the Gaussian (p^ = yQ, p^ = xo*
p. = w ) and the p? are some i n i t i a l  estimates o f  the Gaussian r 3 o ' r j
parameters. Th is fu n c tio n a l form is  lin e a r in  the 6Pj and the 
least-squares method, when applied to  th is  expression, determines 
the values 5 p .. To achieve a true  least-squares f i t  to  the Gaussian, 
an i te r a t io n  process, in  which p? in  the second i te r a t io n  is  given
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by p? + 6p. from the re s u lts  o f the f i r s t  f i t .  The i te ra t io n  is 
7 J
continued u n t i l  6pj vanishes fo r  a l l  j  va lues. The program does 
not make a true least-squares f i t  since th e . ite ra t io n  is  term inated 
whenever the 6pj are a l l  less than some predetermined convergence
c r i t e r ia .  The standard convergence c r i t e r ia  in  the program are
- 3  - 3
6yQ £ 1 count, 6xq £ 1 x 10 channel, and 6wQ £ 1 x 10 channel.
The i n i t i a l  estim ates, p?, o f the Gaussian parameters are automati­
c a lly  the height and channel o f the h ighest po in t used in  the f i t  
and the i n i t i a l  estim ate o f the w id th  as supplied by in p u t. From 
the f in a l  parameters o f the f i t t i n g  process, the area o f the peak 
is  given by the Gaussian area:
+» x  r  x  2
a  “ J y0 e x p  C - ( j 7 2 / l n 2 )  } d x  =  y o w o i / ^ P .  (4-14)
- o o  O
79)The program then gives a s t a t is t ic a l  estim ate o f the u n ce rta in tie s  
in  the Gaussian parameters and the area. The program can a lso  f i t  
up to  f iv e  Gaussians s im ultaneously to  data po in ts representing 
photopeaks not completely reso lved .
Each peak loca tion  is  co rrected  fo r  n o n lin e a r ity  w ith in  the 
program. The co rrec tion  is  ca lcu la te d  from the stored c o e ff ic ie n ts  
o f the polynomial f i t  to  the l in e a r i t y  co rre c tio n  curve. The 
corrected peak loca tions o f those photopeaks which are assigned
energies, by inpu t, and the corresponding energies are used to  obtain
a least-squares lin e a r and p a ra b o lic  f i t .  When the u n ce rta in tie s  
in  the in p u t energies are included in  the in p u t, the program can 
make a weighted (by the re c ip ro ca l o f  the energy u n c e rta in tie s ) 
least-squares lin e a r or p a rabo lic  f i t .  Using the c o e ff ic ie n ts  o f
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these f i t s ,  the energies o f a l l  the peaks can be ca lcu la ted from 
the corresponding corrected peak lo ca tio n s . In general, the 
energy re s u lts  ca lcu la te d  from the weighted lin e a r f i t  were taken 
as the f in a l  re s u lts .  However, in  some cases the resu lts  o f  the 
weighted pa rabo lic  f i t  were used when the weighted lin e a r f i t  
gave ca lcu la ted  energies which d if fe re d  from the input energies by 
more than the u n c e rta in tie s  in  the inpu t energ ies. The program 
also ca lcu la tes  the u n ce rta in ty  in  the ca lcu la ted  energy. The 
uncerta in ty  is  due to  the u n ce rta in ty  introduced by the energy 
versus channel c a lib ra t io n  f i t .  In genera l, the e rro r introduced 
by the c a lib ra t io n  f i t  was very small in  comparison to  the o ther 
e rro rs . The c o n tr ib u tio n  to  the ca lcu la ted  energy u nce rta in ty  from 
the u n ce rta in tie s  in  the c a lib ra t io n  energies are ca lcu la ted  in  the 
program from the stored c o e ff ic ie n ts  o f the polynomial f i t  to  the 
po in ts in  f ig u re  13.
Once the energies o f a l l  peaks in  the spectrum are known, the 
re la tiv e  gamma-ray in te n s it ie s  are ca lcu la ted  by d iv id in g  each peak 
area by the photopeak e f f ic ie n c y  fo r  the energy to  which the peak 
corresponds. The photopeak e ff ic ie n c ie s  are ca lcu la ted in  the 
program from .the stored c o e ff ic ie n ts  o f the exponentia l polynomial 
f i t  to the expe rim en ta lly  measured photopeak' e f f ic ie n c ie s . Estimates 
o f  the u n ce rta in tie s  in  the ca lcu la ted  in te n s it ie s  are computed from 
the u nce rta in ty  in  the peak area and from the unce rta in ty  in  the 
photopeak e f f ic ie n c y .
CHAPTER V 
EXPERIMENTAL RESULTS
5.1 The Decay o f  **^*Eu
The energy spectrum o f the gamma rays em itted  in  the decay o f 
**^Eu (16 y r)  taken w ith  the 8 cm  ̂ d e te c to r system, is  d isp layed 
in  fig u re s  15 to  18. The contaminants seen in  the spectra  are 
* “̂ Eu (12.4 y r)  and ^ E u  (1 .8  y r ) . By comparing the in te n s ity
o f the 1408-keV tra n s it io n  from **^Eu to  the in te n s ity  o f the
154 1521274-keV tra n s it io n  from Eu, the re la t iv e  amount o f Eu
a c t iv i t y  in  the source was ca lcu la te d  to  be 1%. In a s im ila r
155fash ion the in te n s ity  o f the 68-keV t ra n s it io n  from Eu was
154compared to the in te n s ity  o f the 123“ keV t ra n s it io n  from Eu
155and the amount o f Eu a c t iv i t y  in  the source was ca lcu la te d
to  be 26%. Since the h ighes t energy gamma ray (105 keV) from 
155Eu had a lower energy than the low est energy gamma ray (123 keV)
154 155from Eu, the presence o f Eu a c t iv i t y  in  the source d id  not
152present any experim ental d i f f i c u l t y .  The presence o f Eu and
^^E u  are very s im ila r® 0  ̂ as fa r  as energ ies are concerned. Because
152o f the low im p u rity  le v e l, 1%, The Eu a c t iv i t y  presented
d i f f i c u l t y  in  the observation o f o n ly  one gamma ra y . The 344-keV 
152tra n s it io n  from Eu obscured the weak 346-keV t ra n s it io n  from 
15ZfEu.
The measured gamma-ray energies and re la t iv e  in te n s it ie s  fo r  
^^E u  are given in  tab le  8 . The corresponding re s u lts  o f  Meyer®^ 
are a lso presented. In th is  work 44 gamma rays were observed which
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Fig. 15. The ^ E u  spectrum for the energy range 0 -  500-keV.
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Fig. 16. The ^ E u  spectrum for the energy range 500 -  1000 keV.-
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Fig. 18. The ^ E u  spectrum for the energy range 1250 -  1750 keV.
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Table 8. The energies and in te n s it ie s  o f  the gamma rays o f ^^E u
This Work Meyer81)
Energy (keV) . In te n s ity 3^ Energy(keV) In te n s ity
123.069±0.008 100.0 ±1.8 123.14dh0.04 100.0 ±2.0
146.07 ±0.21 0.061±0.009 146.05±0.05 0.064±0.003
188.262±0.024 0.523±0.029 188.22±0.05 0.563±0.017
247.895±0.013 16.44 ±0.56 248.04±0.04 16.27 ±0.33
321.81 ±0.13 0.174±0.029 322.01±0.05 0 . 165±0.007
. 330.68 db0.26 : 0.045±0.021 328.48±0.05 0.023±0.005
401.32 ±0.13 0.405±0.032 401.30±0.05 0.519±0.016
444.44 ±0.13 1.42 ±0.10 444.40±0.05 1.24 ±0.04
• 478.245±0.043 0.582±0.043 478.26±0.05 0 . 531±0.016
557.572±0.040 0.620±0.040 557.56±0.05 0.627±0.019
581.970±0.030 2.05 ±0.06 582.00±0.05 2.07 ±0.06
591.7l4±0.020 11.57 ±0.23 591.74±0.05 . 11.95 ±0.24
613.27 ±0.12 0.201±0.023 613.26±0.05 0.230±0.009
625.266±0.063 0.731±0.040 625.22±0.05 0.765±0.023
649.73 ±0.24 ' 0.151±0.042 649.44±0.0£> 0. 1 88hh0.008
665.16 ±0.62 0.089dh0.033 664.68±0.05 0.070±0.003
668.91 ±0.58 0.088±0.052 668.9 ±0.1 0.029±0.007
676.29 ±0.12 0.311±0.086 676.59±0.05 0 .346dh0.010
692.402±0.028 4.09 ±0.08 692.41±0.05 4.18 ±0.08 _
715.768±0.089 0.302=t0.086 715.76±0.05 0.432±0.013
723.265dh0.024 46.70 ±0.80 723.30±0.04 48.64 ±0.97
756.767dh0.025 10.41 ±0.26 756.87±0.05 10.72 ±0.22
8l5.448±0.040 1.21 db0.05 815.55±0.05 1.15 ±0.04
845.347±0.028 1.28 ±0.05 845.39±0.05 1.36 ±0.04
850.675±0.066 0.495±0.074 850.64±0.05 0.568±0.017
873.152dh0.028 29.13 ±0.61 873 .19±0.05 28.4 ±0.57
880.55 ±0.15 0.20 ±0.043 880.6l±0.05 0 .202±0.008
892.679dh0.030 1.19 ±0.06 . ■ 892.73±0.05 1.14 ±0.03 •
904.050dh0.056 2.13 dh0.06 904.05±0.05 2.03 ±0.06
924.58 ±0.30 0 .155dh0.048 924.49±0.05 0 . 146±0.006
996.246±0.031 25.46 ±0.77 996.32±0.04 25.43 ±0.51
1004.703dh0.031 • .43.98 ±1.14 1004.76±0.04 42.84 ±0.86
1118.43 ±0.12 0 .266±0.042 1118.5 ±0.1 0.254±0.008
1128.378±0.056 0.745±0.054 1128.4 ±0.1 0.659±0.019
1140.642±0.101 0.565±0.040 1140.9 ±0.1 0.533±0.016
1159.96 ±0.28 0.063±0.018 1160.6 0.109±0.004
1188.52 ±0.24 0.172±0.030 1188.6 0 .202±0.008
1241.36 ±0.17 0.347±0.043 1241.6 ±0.2 0 . 321±0.010
1246.146±0.040 2.11 ±0.10 1246.6 ±0.2 1.72 ±0.05
1274.418±0.040 87.11 ±1.99 1274.45±0.09 87.65 ±1.75
1290.21 dhO. 37 0.059±0.014 1290.0 ±0.2 0.028±0.011
1494.115±0.041 .■■'1.70 ±0.05 • 1494.6 ±0.2 1.60 ±0.05
1537.77 ±0.12 0.134±0.017 1537.8 ±0.2 0.123±0.009
1596.452±0.041 4.42 ±0.17 1597.3 ±0.2 4.12 ±0.08
^N orm a lized  to  1(123) -  100.
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154could be assigned to  the decay o f Eu. Meyer using an is o to p ic a lly
154separated source o f  Eu and a Ge(Li) Compton suppression spectro ­
meter, was able to  observe more than 150 tra n s it io n s  belonging to
154 25)Eu. In another in v e s t ig a t io n , Reidinger used a large
volume (35 cm ) d e te c to r to  observe 51 tra n s it io n s  belonging to  
154the Eu decay. The energ ies quoted in  the present work have
much higher p re c is io n  fo r  the more intense lin e s  than do the
corresponding energ ies o f  M e y e r^  and R e id in g e r ^ . However, fo r
the low in te n s ity  t ra n s it io n s ,  Meyer is  able to quote b e tte r energy
u n ce rta in tie s  due to  the Compton suppression. Reidinger could „
not quote p rec ise  energ ies because the l in e a r i t y  c h a ra c te r is t ic s
o f h is  spectrom eter system were not known. The agreement o f the
present re s u lts  w ith  the re s u lts  o f Meyer is ,  in  general, good.
There is ,  however, a n o tice a b le  disagreement fo r  several o f the
more intense gamma rays, such as the 123“ , 247“ , 756“ , 996-, 1246-,
1494-, and 1596-keV t ra n s it io n s .  In c o n tra s t, there is  e x c e lle n t
agreement fo r  some o f  the less in tense l in e s .  The apparent cause
fo r  th is  d iscrepancy is  the lim ite d  number o f  energy standards used 
8 l)•by Meyer in  making the energy c a lib ra t io n s .  This lack is  more 
c r i t i c a l  a t the extremes o f the energy range as the lowest c a lib ra ­
t io n  energy was 185 keV and the two h ighest c a lib ra tio n  energies 
were 1274 and 1836 keV, which leaves a la rge  energy range (560 keV) 
vo id  o f c a l ib ra t io n  l in e s .  A lso Meyer d id  not re po rt the energy 
values used fo r  the s tandards. The ju s t i f ic a t io n  fo r  the energies 
and u n c e rta in tie s  quoted here is  given in  tab le  9, where the 
energies o f  crossover gamma rays are compared to  the energy sums o f
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Table 9. The comparison o f crossover energies to  the sums o f cascade
154energies fo r  Eu.
aj i
Cascade Gamma Rays Cascade Sum Crossover A  E/Sigma
247.895*0.013 444.442±0.127 692.337±0.128 692.402±0.028 -0 .46
123.06910.008 692.402i0.028 815.471i0.029 8 l5 .448 i0 .040  0.46
247.89510.013 625.266i0.063 873.I61 i0 .064  873 .152i0.028 0.13
247.89510.013 676.29 i0 .1 2  ' 924.19 i9 .1 2  924.58 i0 .3 0  -1 .22
123.06910.008 873.152i0.028 996.22l±0.029 996.246i0.031 -0.55 «
247.89510.013 756.767i0.025 1004.662i0.028 1004.703i0.031 -0 .98
247.89510.013 880.55 i0 .15  1128.445i0 .151 1128.378i0.056 0.42
247.89510.013 892.679i0.032 1I40.574i0.036 1140.642±0.101 -0 .62
444.44210.127 715.768 i0 .089 1160.2 1 0 i0 .155 1159.96 iO .28 0.78
123.06910.008 1118.43 iO. 12 1241.50 iO .12 1241.36 iO .17 0.67
401.32 iO .13 873.152i0.028 1274.4 8 2 i0 .133 1274.4 l8 i0 .040 0.46
581.970i0.030 692.402±0.028 1274.372db0.041 1274.418 i0 .040 -0 .82
444.44210.127 845.347i0.028 1289 .789 i0 .130 1274.418i0.040 -1 .07
613.27 iO .12 676.29 iO .12/ 1289.56 iO .17 1290.21 ±0.37 -1 .59
625.266i0.063 665.16 i0 .6 2  1290.43 i0 .6 2  1290.21 iO .37 0.30
247.89510.013 1246.l46i0.040 1494.04li0 .042 1494.115i0 .04 l -1 .25
247.89510.013 1290.21 ±0.37 1538.105 i0 .371 1537.772iO .121 0.85
613.27 iO .12 924.58 i  030 1537.85 iO .32 1537.7 7 2 i0 .121 • 0.23
665.16 iO .62 873.152i0.028 1538.31 iO .63 1537.772 i0 .121 0.84
692.40210.028 845.347i0.028 1537.749i0.040 1537.7 7 2 i0 .121 -0 .18
478.245i0.043 1118.43 i0 .1 2  1596.6 7 5 i0 .127.1596.452i0.041 1.66
591.7 l4 i0 .020  1004.703 i0 .031 1596.417 i0 .037 1596.452i0.041 -0 .67
692.40210.028 904.050i0.056 1596.452i0.063 1596.452i0.04l 0.00
723.265i0.024 873.152db0.028 1596.417 i0 .037 1596;452i0.04l -0 .67
a) Energies in keV. ^
b) The sigma re fe rre d  to  Is ,  ^crossover + "sum
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the appropriate cascade gamma rays . In o n ly  fou r o f  the 2k compari­
sons is  the d iffe re n ce  between the sum and crossover greater than 
the standard d e v ia tio n  o f  the comparison.
The agreement between the in te n s it ie s  reported here and those 
reported by Meyer is  good. The u n ce rta in tie s  are as low as 2% 
fo r  the more in tense lin e s  in  both in v e s tig a tio n s . Because o f the 
Compton suppression, Meyer is  able to  quote much lower unce rta in ties  
fo r  the low in te n s ity  t ra n s it io n s .  Five o f  the 8 gamma rays fo r  
which the in te n s ity  values fo r  the two works are no t in agreement 
are low in te n s ity  t ra n s it io n s .  The in te n s ity  re s u lts  o f Reidinger 
are accurate to  5% and are in  e x c e lle n t agreement w ith  the re su lts  
o f th is  in v e s tig a tio n . Ng e t  a l.® 2  ̂ re po rt in te n s it ie s  w ith  a 
p rec is ion  o f 5% which are in  good agreement w ith  the in te n s it ie s  
o f  th is  work.
The K-she11 conversion c o e ff ic ie n ts ,  c^> fo r  the more prominent 
1 cL
lin e s  o f Eu were ca lcu la te d  using the a va ila b le  K -sh e ll conversion
e le c tro n  in te n s it ie s ,  l_ , and. the re s u lts , when compared to
K
th e o re tic a l values fo r  d i f fe r e n t  m u lt ip o la r it ie s ,  in d ica te  the 
m u lt ip o la r ity  o f each t r a n s it io n .  The ca lcu la ted  and the adopted 
m u lt ip o la r it ie s ,  oX, are presented in  ta b le  10. The I values in
g,)K
column 3 are the averaged re s u lts  o f  B rantley e t a l .  , Andersson
Qk) 82)and Ewan , and Ng e t  a l .  which have been normalized so th a t
the o f  the 127^-keV t ra n s it io n  is  the pure E l value given by
Hager and S e ltzer The m u lt ip o la r it ie s  in d ica te d  by the conversion
c o e ff ic ie n ts  are l is te d  in  column 5* The th e o re tic a l conversion
c o e ff ic ie n ts  in  column 6 are fo r  the m u lt ip o la r it ie s  o f column 5 ,o r,
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K c l 
Theory
123 100 ±1.8 60.9 609 E2 655
247 16.4 ±0.6 1.34 ±0.03 82±3 E2 82
444 . 1 .42±0.10 0.033 ±0.008 23±5 (E2) 16
557;. 0 .62±0.04 0.013 ±0.002 21 ±3 (E2) 9
581 2.05±0.06 0.0067±0.019 3.3 ±0.9 El 3.2
591 11.6 ±0.23 0.0050±0.006 4.3 ±0.5 E1+M2 2 .8 (E l}
625 0.73±0.04 0.011 ±0.008 15±10 E2 7.5
676 0.31±0.09 0.0195±0.019 63±18 E0+E2 5.5(E2)
692 . 4.09±0.08 0.19 ±0.025 47±7 E0+E2 5 .2 (E2)
723 46.7 ±0.8 0.101 ±0.007 2.2 ±0.2 El 1- 8
756 10.4 ±0.3 0.046 ±0.005 4.4  ±0.5 E2 4.2
815' 1.21±0.05 0.0073*0.0036 6±3 E2 3.6
873 29.1 ±0.6 0.093 ±0.003 3.2 ±0.1 E2 3.1
996 25.5 ±0.8 0.060 ±0.009 2.4 ±0.3 E2 2.3
1004 44.0 ±1.1 0.107 ±0.010 2.4 ±0.3 E2 2.25
1274 87.1 ±2.0 0.055 ±0.003 (0 .63 )b) El 0.63
Qj\ 8?)
a) The leu are from B rantley e t . a l .  '  Ng e t .a l .  and Andersson .
84Vand Ewan and represent weighted averages i f  the values were 
were reported  by two or a l l  o f these references.
b) The le^ are normalized so th a t o f the 1274-keV t ra n s it io n  is  
pure E l.
c) The th e o re t ic a l values fo r  the m u lt ip o la r ity  in d ica te d  are from 
Hager and S e ltze r8^ ' .  •
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in  the cases where m u ltip o le  m ixing is  ind ica te d , are fo r the 
m u lt ip o la r it ie s  in  parentheses. The m u lt ip o la r ity  fo r  the W f-  
and 557"keV tra n s it io n s  are enclosed in  parentheses to  ind ica te  
th a t the h ighest m u lt ip o la r ity  (M3) allowed by the spins and p a r it ie s  
o f the leve ls  to  which these tra n s it io n s  correspond is  not expected 
to  compete w ith  the E2 m u lt ip o le . The m u lt ip o la r ity  ind icated 
fo r  the interband tra n s it io n s  (see the decay scheme in  f i g .  19). 
is  E2 except fo r  the W f -  and 557“ keV tra n s it io n s  and fo r the 
676-  and 692-keV tra n s it io n s  is  in d ic a tiv e  o f  E0 adm ixtures. This 
has been p rev ious ly  noted by B ran tley  e t a l .  .
The adopted decay scheme in  f ig u re  19 is  cons is ten t w ith  the
energy and in te n s ity  re s u lts  o f  th is  in v e s tig a tio n  and is  e s s e n tia lly
8 l l  25I
the same as the previous decay schemes o f Meyer 1 and Reidinger .
The kk gamma rays observed in  th is  work were placed between 20
leve ls  on the basis o f energy d iffe re n ce s  and the coincidence re su lts
o f Meyer, Reidinger, and Ng e t a l .® ^ .  The decay scheme is  consis ten t
w ith  the m u lt ip o la r ity  assignments o f ta b le  10. The /? branching
percentages were ca lcu la te d  from the in te n s ity  balances o f the
le v e ls . To convert the photon in te n s it ie s  to  t ra n s it io n  in te n s it ie s ,
85Vthe th e o re tic a l conversion c o e ff ic ie n ts  o f Hager and S e ltze r '• were
used fo r  the m u lt ip o la r it ie s  in d ica ted  in  ta b le  10 o r fo r  the lowest
m u ltip o le  ind ica ted  by the spins and p a r i t ie s  o f the le v e ls . For
the tra n s it io n s  w ith  E0 + E2 m ix tu res, th a t p a rt o f the I in  excess
eK
o f the amount requ ired to  y ie ld  the pure E2 conversion c o e ff ic ie n t was 
added to  the t ra n s it io n  in te n s ity  ca lcu la te d  from the photon in te n s ity .  
The 3{*6-keV tra n s it io n  was no t observed due to  the ^ 2Eu source
154 _
63 9i ( ,6 yr)
% £ *  . Log ft
= 1978 keV
0 .0 4 11.4
2 7 .2 0 9.0
0 .7  3 10.9
0 .0 6 1 1.0
. - 1 .5 6 10.7
0 .0 7 12.3
" 0 .0 8 12.4
3 6 .7 0 10.1
0 .7 2 12.1
0 .3 5 12.4
17 .50 1 1.0
0 .1 4 13.2
3 .3 0 11.9
0 .4 7 13.1
: 0 .0 7  14.1
0 .5 6  13.5
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im p u rity . To make the in te n s ity  balance fo r  the 716-keV le v e l, the 
normalized in te n s ity  o f the 346-keV gamma ray reported by Meyer 
was used. The tra n s it io n  in te n s ity  o f the pure EO 680-keV tra n s i­
t io n  was taken to  be the su ita b ly  normalized conversion e lec tron
84)in te n s ity  obtained by averaging the re s u lts  o f  Andersson and Ewan '
8o\ _
and B ran tley  . The log f t  values were ca lcu la ted  from the j3 
branching in te n s it ie s  using the nomographs o f  reference 80 and
86)the mass d iffe re n ce  energy, Q.0 = 1978 keV, o f Langer and Smith .
P
The id e n t if ic a t io n  o f the ground-state ro ta t io n a l and y -  and
25 81-83) 81)/3 -v ib ra tio n a l bands has been made p rev ious ly  * . Meyer
has proposed two two-phonon bands a t high e x c ita t io n  energies and
has id e n t if ie d  three o c tu p o le -v ib ra tio n a l bands. In th is  work,
leve ls  belonging to  the two-phonon band id e n t if ie d  by Meyer as a
coupled j8-y v ib ra tio n  are observed. The le ve ls  belonging to
the second two-phonon band which has not been id e n t if ie d  were
not populated in  the le v e l scheme o f  th is  in v e s t ig a t io n . Levels
belonging to  the three o c tu p o le -v ib ra tio n a l bands were observed in
th is  work. The bands w ith in  the decay scheme adopted in  th is
8 l)in v e s tig a tio n  are shown in  fig u re  20. Levels p rev ious ly  assigned '  
to  the various bands which were not observed in  th is  in ve s tig a tio n  
are denoted by dashed lin e s .
5.2 The Decay o f l6 °Tb
The spectrum o f ^®Tb (72 d) is  d isplayed in  fig u re s  21-23.
3
The spectrum was taken on the 8 cm d e te c to r. As can be seen, the 
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Fig. 23. The spectrum for the energy range 900 -  1350 keV.
U)
d i f f i c u l t y  was encountered o n ly  in  reso lv ing  the 962-966 keV 
doublet and reso lv ing  the 872-879 keV doub le t.
In resolv ing  the 962-966 keV doublet, a source o f  e rro r in  
the energies and in te n s it ie s  a rises  from the small asymmetry on 
the low energy s ide  o f the photopeak. For s in g le  peaks only the 
peak po in ts above h a lf  h e ig h t are used in  the Gaussian f i t  on the 
computer. These po in ts  u su a lly  do not conta in any o f the asymmetry. 
For doublets a l l  the p o in ts  from the h a lf  he igh t on the low energy 
side o f the lower energy member o f  the doublet are used in  the f i t .  
Thus the asymmetry o f the h igh energy member w i l l  be included in  
the f i t .  The re s u lt  o f in c lu d in g  th is  asymmetry is  th a t the area 
o f the less intense member o f  the doublet w i l l  be too large due to 
the in c lu s io n  o f most o f  the area under the asymmetrical t a i l .  The 
computer program GAUSS makes a weighted Gaussian f i t  to  the peak 
p o in ts . The weighting is  norm ally  the square ro o t o f the height 
o f  each p o in t. Th is  w e igh ting  in  the Gaussian f i t  is  the cause fo r 
the less intense member re ce iv in g  most o f the asymmetry. With 
the weighting removed, the asymmetry is  more or less shared by the 
two members o f the doub le t. Weighted d r n o t, the exact d iv is io n  
o f the area, con trib u te d  by the asymmetry, between the two members 
o f the doublet depends e n t i r e ly  upon the re la t iv e  he ights o f the 
peaks and how w e ll they are in s tru m e n ta lly  resolved in  the spectrum. 
In the energy determ ination from the doublet f i t ,  the energy o f the 
less intense member w i l l  be in  e rro r.. I f  the less intense member 
is  the low (high) energy member, o f  the doublet, , the ca lcu la ted  
energy w i l l  be h igh (low) . The magnitude o f  th is  energy s h i f t  is
also determined by the re la t iv e  peak heights and how w e ll the peaks 
are resolved in  the spectrum. To avoid the in te n s ity  e rro rs  
introduced by the doub le t f i t  on :the computer fo r  the 962-966 keV 
doublet, a se ries  o f  tim e coincidence experiments was undertaken.
In these experiments, a "g a tin g "  t ra n s it io n  was selected and the 
spectrum o f on ly  those gamma rays in  coincidence w ith  th is  t ra n s i­
tio n  were analyzed. The ga ting  tra n s it io n s  used in  the experiments 
were chosen so th a t o n ly  one member o f the doublet appeared in  the 
coincidence spectrum. Another c r i te r io n  placed on the gating 
tra n s it io n  was th a t an in tense lin e  o ther than the s in g le  member 
o f the doublet be present in  the coincidence spectrum. The e x tra  
lin e  was used as a reference to  which the in te n s ity  o f the doublet 
member could be compared. In a l l  coincidence experiments, the 
gating tra n s it io n  chosen was in  coincidence w ith  the 879“ keV 
. tra n s it io n  which was used as a re ference. A ty p ic a l Nai-Ge(Li) 
coincidence spectrum is  given in  f ig u re  24. The Ge(Li) spectrum 
co incident w ith  the 87“ keV gamma ray is  d isplayed below the s ing les 
spectrum o f * ^ T b .  In the coincidence spectrum on ly  the 962-keV 
photopeak is  p resent. Th is  spectrum was taken w ith  a reso lv ing  
time, 2 t, o f 130 nsec and w ith  an angle o f 126° between the axes 
o f the de tec to rs . Another 87 keV gated experiment was performed 
w ith  the same 2 r  but w ith  an angle o f  180° between the de tec to rs . 
The re su lts  obta ined fo r  the two angles were used to  account fo r  
the d ire c tio n a l c o rre la t io n s  o f the 962-87 keV and 879*87 cascades. 
A f in a l series o f  coincidence experiments consisted o f using the 
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F ig . 2b. The Ge(Li) spectrum o f Tb gamma rays in coincidence w ith
the 87~keV t ra n s it io n .  The coincidence spectrum was taken 
w ith  126° between the detectors.
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taken at 126° w ith  2 r  *= 85 nsec. W ith the 298-keV gate, the 
co inc ident doub le t member was the 966-keV t ra n s it io n .  No co rre c tion  
fo r  d ire c tio n a l c o r re la t io n  was needed fo r  these experiments as the 
298-966 and 298-879 cascades have the same c o rre la t io n . The 
coincidence spectra  were analyzed by f in d in g  the area o f  the 879~keV 
peak and the area o f  the double t member, co rre c tin g  fo r  d ire c tio n a l 
c o rre la tio n  (where necessary), co rre c tin g  fo r  coincidence background 
(the coincidence in te n s ity  under the peaks due to coincidence between 
the peaks and the Compton continuum under the ga ting  t ra n s it io n ) ,  
and co rre c tin g  fo r  a cc id e n ta l co incidences.
The 872-keV peak area and lo ca tio n  were determined by hand 
ca lcu la tio n  using the exact photopeak shapes o f  the 83^-keV
- 1  g g
photopeak o f Mn and the 898-keV photopeak o f  Y to  determine 
the shape o f the  low energy t a i l  o f  the 879"keV peak. In a d d itio n , 
the low energy t a i l  o f  the 879“ keV peak was approximated by a 
s tra ig h t lin e  f i t  to  p o in ts  near the end o f the t a i l  and extrapo la ted  
to  obta in  the c o n tr ib u t io n  from the 872-keV peak. For both methods, 
the po in ts fo r  the 872-keV photopeak, obta ined by sub tracting  the 
879“ keV t a i l  from  the composite, were f i t  to  a Gaussian on the 
computer and the energy and in te n s ity  were ca lcu la te d  from the peak 
loca tion  and area. The re s u lts  obtained from the two methods were 
cons is ten t.
The measured gamma-ray.energies and re la t iv e  in te n s it ie s  fo r
*^ T b  are given in  ta b le  11. The corresponding re s u lts  o f Ludington 
871e t a l .  are a lso  g ive n . There is ,  on the average, e xce lle n t 
agreement and in te n s it ie s  fo r, the two in v e s tig a tio n s . There are
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Table 11. The energies and re la t iv e  in te n s it ie s  o f the gamma rays




Energy (keV) In te n s ity Energy(keV) 1n te n s ity
86.798±0.010 14.0 ±0.6 86.788±0.002 13.7 ±2.0
93.92 ±0.10 0.036±0.006 93.919±0.006 0.067±0.010
197.036±0.014 . 5.16 ±0.09 197.035±0.008 5.22 ±0.29
215.648±0.018 • 3.90 ±0.09 215.646±0.008 3.93 ±0.22
230.641±0.068 0.060±0.009 230.628±0.013 0.071±0.007
298.579±0.010 26.1 ±0.7 298.582±0.010 27.1 ±1.6
309.564±0.o44 0.80 ±0.03 309.557±0.018 0.90 ±0.04
337.347±0.032 . 0 . 3 4  ±0.03 337.324±0.030 0.33 ±0.03
392.494±0.023 1.36 ±0.06 392.514±0.026 1.36 ±0.05
4 8 6 .165±0.090 0.096±0.015 486.075±0.080 0.080±0.007
682.298±0.054 0.537±0.030° 682.349±0.110 0.545±0.050
765.260±0.054 1.93 ±0.050° 765.194±0.110 2.03 ±0.18
872.12 ±0.28 ' 0.285±0.039? 871.95 ±0.050 0.174±0.035
879.350±0.029 30.0 ±0.51- 879.333±0.070 30.0
962.285±0.037a• 10.0 ±0.7b 962.085±0.220 10.2 ±0.7
966.158±0.036 25.2 ±0.5 966.099±0.120 24.7 ±1.5
1002.873±0.042 1.01 ±0.07 1002.90 ±0.20 0.98 ±0.05
1069. H 3 ± 0 .087 0 .1 13±0.009° 1069.15 ±0.35 0.076±0.008
1102.616±0.042 0.56 ±0.03 1102.63 ±0.21 0.50 ±0.03
1115.122±0.042 1.51 ±0.05 • 1115.12 ±0.14 1.50 ±0.09
1177.923±0.049 15.6 ±0.4 1178.00 ±0.08 14.8 ±0.5
1199.896±0.046 2.48 ±0.07 1199.91 ±0.14 , 2.24 ±0.09
1251.34 ±0.10 0.096±0.009 1251.41 ±0.19 0.094±0.008
,1271.873±0.040 7.80 ±0.30 1271.98 ±0.08 7.4  ±0.2 .
1312.158±0.046 3.00 ±0.12 1312.04 ±0.20 2.79 ±0.17
a) The value here is  the value determined from energy d iffe re n ce s  in 
the leve l scheme.
b) The value here is  the re s u lt o f coincidence experiments.
c) These in terband tra n s it io n s  were assigned the fo llo w in g  in te n s ity  
u n c e rta in tie s  fo r  the c a lcu la tio n s  o f the B(E2) ra tio s :
. 682 -  0.537±0.015 
765 -  1.93 ±0.03 
872 -  0.285±0.020 
8 7 9 -3 0 .0  ±0.3 
1069 -  0 .1 13±0.008
where these values are ca lcu la te d  from a3 % un ce rta in ty  in  the 
re la t iv e  e f f ic ie n c y .  The u n ce rta in tie s  o f the 962- and 966-keV 
t ra n s it io n s  were unchanged due to  the RMS dev ia tion  in  the 
in d iv id u a l measurements;
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disagreements in  the in te n s it ie s  fo r  the 93". 872?, and 1069“ keV 
tra n s it io n s .  The energy values fo r these tra n s it io n s  are in  good
Oy\
agreement. Ludington e t a l . is  able to  quote lower energy 
u n ce rta in tie s  below 390 keV because the energies were measured on 
a cu rved -c rys ta l d i f f r a c t io n  spectrom eter. The gamma rays were 
a lso detected on Ge(Li) spectrometers fo r  de tec to r volumes o f  2, 
k , 15, 17, 35, and 40 cm . The a v a i la b i l i t y  o f the large volume
O
(35 and kO cm ) should enable more accurate measurement o f  the 
in te n s it ie s  o f the 93“ , 872-, and 1069“ keV tra n s it io n s .  In the 
spectra taken in  th is  work, these lin e s  appear as sm all pertu rba­
tio n s  to  the spectra and large system atic e rro rs  in  the in te n s ity  
determ inations can a rise  from e rro rs  in  e s tim a tin g  the backgrounds 
to  be subtracted from the photopeak.
The crossover-sum comparisons fo r  the gamma-ray energies are 
presented in  tab le  12. The agreement between the crossover energy 
and the sum o f the cascade energies is  e x c e lle n t.  From column f iv e ,  
the la rg e s t energy d iffe re n ce  is  less than 0.6 times the standard 
d e v ia tio n  in  the comparison. The energy value used fo r  the 962-keV 
tra n s it io n  is  not the value determined by d ire c t  measurement. This 
value was determined from energy d iffe re n ce s  in  the decay scheme.
Thus, the agreement, fo r  th is  crossover-sum comparison is  a r t i f i c i a l .
88}
The conversion e le c tro n  in te n s it ie s  o f  Ewan e t a l .  '  together 
w ith  the gamma-ray in te n s it ie s  o f ta b le  11 were used to  ca lcu la te  
the experim ental K -she ll' conversion c o e ff ic ie n ts  present in  tab le  13. 
The conversion e le c tro n  in te n s it ie s , were normalized s o .th a t the 
ca lcu la ted  conversion c o e ff ic ie n t fo r  the 197“ keV t ra n s it io n  was the
Table 12. The comparison o f crossover energies to  the sums o f 
cascade energies fo r  ^^T b .
a\
Cascade Gamma Rays '  Cascade Sum Crossover AE/Sigma
93.92 ±0.10 • 215.648*0.018 309.568*0.102 309.564*0.044 -0 .0 4
93.92 ±0.10 298.579±0.010 392.489*0.100 392.494*0.023 0.05
197.036*0.014 682.298*0.054 879.334*0.056 879.350*0.029 0.25
197.036*0.014 765.260*0.054 962.296*0.056 962.285*0.037 -0 .16
86.798*0.010 879.350*0.029 966.148*0.031 966.158*0.036 0.21
197.036*0.014 8 7 2 .1 2 *0 .2 8  1069.156*0.280 1069.113*0.087 -0 .15
230.641*0.068 872.12 ±0.28 1102.761*0.288 1102.616*0.042 -0 .50
337.347*0.032 765.260*0.054 1102.607*0.063 1102.616*0.040 0.12
215.648*0.018 962.285*0.037 1177.933*0.041 1177.923*0.049 -0 .1 6
298.579*0.010 879.350*0.029 1177.929*0.031 1177.923*0.049 -0 .10
197.036*0.014 1002.873*0.042 1199.906*0.044 1199.896*0.046 -0 .16
486.165*0.090 765.260*0.054 1251.425*0.105 1251.34 *0.10 -0 .59
9 3 .9 2 *0 .1 0  1177.923*0.049 1271.843*0.111 1271.873*0.040 0.25
309.564*0.044 962.285*0.037 1271.849*0.057 1271.873*0.040 0.34
392.494*0.023 879.350*0.029 1271.844*0.037 1271.873*0.040 0.53
197.036*0.014 1115.122*0.042 1312.158*0.044' 1312.158*0.046 0.00
a) energies in  keV.
1 “1   ?
b) the sigma re fe rred  to  is \ | a sum + <*crossover
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1 x l0 3a) 
ek a kx l0 3
a.x lO ^
b)Theory
87 14.0 ±0.6 23100 ±2900 1650 ± 220 E2 1610
93 0.036±0.006 . 77 ± 19 2140 ± 400 Ml 2250
• 197 5.16 ±0.09 . 846 ± 39 ± 164 E2 164
215 3.90 ±0.09 135 ± 7 34 ± 2 E2 34
298 26.1 ±0.7 375 ± 21 14.4 ±0.9 El 14.6
309 0.80 ±0.03 11.4 ± 1.4 14.2 ±1.8 El 14.4
392 1.36 ±0,06 10.5 ± 14 7.7 ±1.1 El 7.7
682 0.537^0.030 4 .8  ± 1.4 8.9 ±2.8 E2+M1 5.8
765 1.93 ±0.05 12.0 ± 0.9 6.2 ±0.5 E2+M1 4.5
•879 30.0 ±0.5 9.9 ± 5 3.3 ±0.2 E2 3.4
962 10.0 ±0.7 28 ± 2 2.8 ±0.3 E2 2.8
966 • 25.2 ±0.5 69 ± 4 2.7 ±0.2 E2 2.7
1002 1.01 ±0.07 0.77± 0.14 0.77±0.16 El 1.0
1115 1.51 ±0.05 ' 1.5 ± 0.1 0.99±0.07 El 0.88
1177 15.6 ±0.4 11.5 ± 0.6 0.74±0.04 El 0.79
1199 2.48 ±0.07 1.8 ± 0.2 0.72±0.08 El 0.77
1271 7.80 ±0.30 4.9  ± 0.3 0.63±0.05 El 0.69
1312 3.00 ±0.12 1.9 ± 0.1 0.63±0.04 El 0.65
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a) The are from Ewan e t . a l .  ..norm alized so tha t the o f the 197-keV
tra n s it io n  is  pure E2.
85)b) The th e o re tic a l are from Hager & Seltzer
85)th e o re t ic a l E2 value o f Hager and S e ltze r . The m u lt ip o la r ity ,
<y\, in  column 5 is  th a t ind ica ted in  the comparison o f the 
ca lcu la te d  to  the th e o re tic a l 
in  column 6 are fo r  the m u lt ip o la r ity  in  column 5 o r ,  in  the case 
o f  m ixing, are fo r  the m u lt ip o la r ity  l is te d  f i r s t .  The o f the 
682- and 765-keV tra n s it io n  are seen to  s ig n i f ic a n t ly  d i f f e r  from 
the pure E2 c o e ff ic ie n ts .  This is  in d ic a tiv e  o f  Ml admixing since 
Ml is  allowed by the spins and p a r it ie s  o f  the le ve ls  involved in  
these t ra n s it io n s .  The o f the 682-keV t ra n s it io n  can be made 
to  agree w ith , the th e o re tic a l when the e le c tro n  in te n s ity  is  
reduced by one standard dev ia tion  and the gamma in te n s ity  is  
increased by one standard d e v ia tio n . The same cannot be accomplished 
fo r  the 765” keV t ra n s it io n .  To reconc ile  the ca lcu la te d  fo r  
these tra n s it io n s , the assumption o f E2 and Ml admixing must be 
made. The reported o f Ludington e t a l.® ^  fo r  these tra n s it io n s  
a lso  in d ic a te  E2 and Ml admixing. The adopted m u lt ip o la r ity  fo r
the 93“ keV tra n s it io n  in  tab le  13 is  in  c o n tra d ic tio n  to  the m u lt i-
89)p o la r i ty  o f Boehm and Rogers and the m u lt ip o la r ity  ind ica ted  by
90)the re s u lts  o f J a k le v ic  e t a l.  . A l l  the o the r m u lt ip o la r ity
Qj\
. assignments are in  agreement w ith  those o f Ludington e t a l.
The adopted decay scheme, fig u re  25, is  C onsisten t w ith  the
energy and in te n s ity  re s u lts  o f th is  in v e s tig a tio n  and is  id e n tic a l
87 90-92)to  previous decay schemes .' The 25 gamma rays are placed
between 12 leve ls  on the basis o f energy d iffe re n ce s  and the 
coincidence re su lts  o f  references 87, 9 0 , .and 92. The placement
OL . The th e o re t ic a l l is te d
%B* Log ft
4 .4  8.5
0 .9  9.3
9 .7  8.4
1535.21 (2 ,3 ,4 )
y— 1398.96  3", I
  1386 .45  4  ,
"N— 1358.65  2” , (0,1)
y''-  1286.70  3 * . I
126 4 .7 3  2 ',2
4 4 .8  8.1
93.92
0 .3  10.5
6 .9  9 .4 11 5 5 .8 6  4 +,2
2 8 .3  8 .8
1049.09  3+,2  
9 6 6 .1 5  2+,2
2 8 3 .8 3  4+,0
0 .4  11.9
8 6 .8 0  2+.086.60
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o f  the tra n s it io n s  is  a lso co ns is ten t w ith  the assigned m u lt ip o la r ­
i t ie s  o f  ta b le  10. The /} branching percentages were ca lcu la te d  
from the t ra n s it io n  in te n s ity  balances o f the leve ls  in  the decay 
scheme except fo r  the 2+ , K = 0 le v e l where the value o f N athan*^ 
was assumed. The t ra n s it io n  in te n s it ie s  were ca lcu la ted  using the 
0^ in  ta b le  10 and the th e o re tic a l conversion c o e ff ic ie n ts ® ^  fo r  
a l l  o the r t ra n s it io n s .  The lowest m u lt ip o la r ity  allowed by the 
decay scheme was assumed fo r  tra n s it io n s  o f undetermined m u lt i­
p o la r i ty .  For the 682- and 765“ keV tra n s it io n s  the th e o re t ic a l 
0̂  and fo r  E2 m u lt ip o la r ity  were used. The log f t  values were 
computed from the ca lcu la te d  f f  branchings using = 1 8 4 0 ^  and
r
the nomographs o f reference 80.
The id e n t i f ic a t io n  o f the g round-sta te  ro ta t io n a l and • •
y - v ib ra t io n a l bands is  w e ll e s ta b lish e d .. The ground-state band
•I* +  +cons is ts  o f the 0 , 2 ,  and 4 le ve ls  (K = 0) a t energies o f 
0, 87, and 283 keV. The y -v ib ra t io n a l band is  composed of. the 2+ ,
3+ , and 4+ K -  2 le ve ls  a t energies o f  996, 1049, and 1155 keV.
A j8 -v ib ra tio n a l band is  not observed in  the decay o f *®°Tb. The 
grouping o f  the negative p a r i ty  le ve ls  in to  bands has not been 
accomplished.
5.3 The Decay o f  l68Tm 
The spectrum o f l w Tm (86 d) is  shown in  fig u re s  26-29. The
O
spectrum, taken w ith  the 8 cm d e te c to r, is  seen to conta in  severa l 
low in te n s ity  contaminant l in e s .  These lin e s  could no t'be  a t t r ib u te d  
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168the region (Z,A) o f  Tm. Several peaks in  the spectrum can be 
id e n t if ie d  as sum peaks. Coincidence sum peaks (due to summing o f 
two gamma rays which are in  coincidence) occurred a t 895 keV
(80 + 815), a t 1014 keV (198 + 815) and a t 1541 keV (80 + 1461).
Accidenta l sum peaks were observed a t 277 keV (80 + 198) and
382 keV (184 + 198). The sum peaks were id e n t if ie d  by comparing
spectra taken a t various so u rce -to -d e te c to r distances and w ith  
various counting ra te s . A t low count ra tes the acc iden ta l sum 
peaks were not present. A t la rge  sou rce -to -de tec to r d istances, 
the in te n s it ie s  o f the co in c id e n t sum peaks are reduced re la tiv e  
to the true  peaks due 'to  the sm alle r s o lid  angles subtended by 
the detector and the angular c o rre la tio n s  th a t e x is t  fo r  the gamma- 
ray cascades. One spectrum was taken w ith  a f ro n ta l absorber, 
cons is ting  o f a Pb-Ta-Cu sandwich, o f s u f f ic ie n t  thickness to  absorb 
more than 98% o f the 184- and 198-keV gamma rays and ~100% o f the 
80-keV gamma ray. In th is  spectrum the 895” keV peak was not observed 
and the 1014-keV peak was reduced by a fa c to r  o f 7 re la t iv e  to  other 
peaks in  the spectrum. Thus, there  is  a re a l peak located a t 
1014 keV. With the in te n s it ie s  determined fo r  the nearby peaks at 
815-, 8 2 i- , 829“ , and 9l4-keV.and the corresponding in te n s it ie s  
determined from the usual spectra , the re la t iv e  absorption was 
ca lcu la ted  and the 1014-keV peak in te n s ity  was then corrected fo r 
th is  absorption. In th is  manner the sum peak c o n tr ib u tio n  to  the 
1014-keV peak was e lim in a te d .
The energy and in te n s ity  measurements fo r  the 173", 272-, 284-, 
and 853~keV peaks were accomplished on the computer. Consistent
130
re s u lts  were obta ined from spectrum to spectrum. The in te n s it ie s
o f these peaks are more uncerta in  than the much more in tense  lin e s
due to  the d i f f i c u l t y  in  es tim a ting  the spectra l background
underly ing  these peaks. This is  e s p e c ia lly  true  fo r  the 284-keV
peak which occurred on the "knee" o f the Compton edge from the
447“ keV gamma ray.
The doub le t a t 815-821 keV was s u f f ic ie n t ly  w e ll resolved in
the spectra  th a t no experim ental d i f f i c u l t y  was encountered in
the measurement o f the energies and in te n s it ie s  o f the members.
Any e r ro r  in troduced by using the simultaneous f i t t i n g  o f  two
Gaussians by the computer program is  sm aller than the u n c e rta in tie s
in  the measurement.
The energy and in te n s ity  re s u lts  fo r  the gamma rays which are 
168assigned to  the Tm decay are presented in  tab le  14. The
re la t iv e  in te n s it ie s  are normalized to  100 u n its  fo r  the 198-keV
gamma ra y . A lso presented in  the tab le  are the re s u lts  o f  Kenealy 
94)e t  a l .  . There is  e x c e lle n t agreement in  the energy re s u lts  but
Kenealy e t  a l .  re p o rt la rge u n c e rta in tie s . The in te n s ity  re s u lts
are in  e x c e lle n t agreement fo r  a l l  cases except the 79" and 1014-keV
gamma rays . For the 79"keV gamma, the value reported here is  30%
highe r than the value o f Kenealy e t a l .  In a d d itio n , the value quoted
95)here is  25-30% h igher than the value o f Prather '  and Gunther and
P a rs ig n a u lt2^  and 10% higher than the value o f Reidy e t a l . ^  and
9 7 )J u rs ik  and Zvolska " .  A l l  o f  these repo rt a tra n s it io n  in te n s ity  
imbalance o f  15“ 20% fo r  the 79"keV le ve l w ith  the popu la ting  in te n s ity  
in  excess. The t r a n s i t io n . in te n s ity  balance fo r  th is  work is  shown in
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Table 14. The Gamma-Ray Energies and R e la tive  In te n s it ie s  o f Tm.
This Work Kenealy, Funk 6- M ih e lic h "^
Energy(keV) In te n s ity Energy(keV)
£
1n te n s ity
79.816*0.021 '22.0 * 0.8 '7 9 .7 9 *0 .0 8 16.0 ±2.3
99.054±0.76a 7 *498*73*0.28b 99.3 ±0.2 7.89*0.99
99.294i0.017
173.95 i0 .4 3 0.18 ±0.07 173.8 ±0.3 0 . 10* 0.01
184.295*0.014 32.8 ±0.07 184.4 ±0.2 32.9 ±3.3
198.252*0.013 100.0 ±2.1 198.3 ±0.2 100.0 ±9.0
272. 871* 0.088 0.20 ±0.06 273.0 ±0.3 0.18*0.03
284.11 ±0.11 0.18 ±0.06 . 284.5 ±0.3' 0.16*0.05
348.405*0.055 0.62 ±0.07 . 348.5 ±0.3 0.66*0.07
422.24 ±0.11 0.54 ±0.08 4 2 2 .2 *0 .3 0.62*0.07
447.473*0.015 . 43.9 ±1.3 447.6 ±0.2 43.1 ±4.3
546.757*0.031 4.82 ±0.12 546.8 ±0.2 4.74*1.32
557.08 ±0.14 0.385*0.034 557.0 ±0.4 0.39*0.10
631. 665* 0.021 15.5 ±0.4 631.7 ±0.2 15.8 ±2.6
645.706*0.023 2.83 ±0.08 646.6 ±0.5 2.5 ±1.0
673.675*0.088 0.26 ±0.03 . 673.7 ±0.3 0.33*0.13
720. 321* 0.026 21.8 ±0.5 , 720.4 ±0.2 22.5 ±2.3
730.610*0.030 8.97 ±0. 20° 730.7 ±0.2 9.34*1.97
741.320* 0.028 22.6 ±0 . 5d 741.4 ±0.2 23.2 ±2.3
748.306*0.055 0.67 ±0.04 748.25*0.3 0 . 79* 0.10
815.948*0.031 92.6 ±1.9 816.0 ±0.2 92.4 ±8.6
821:108*0.031 22.3 ±0.5 821.1 ±0.2 21.1 ±2.6
829.914*0.031 12.4 ±0.3 829.9 ±0.2 • 12.0 ± 1.3
853.47 ±0.20 0 . 0 8 * 0.02 853.2 ±0.4 0. 07* 0.02
914.901*0.031 5 .7 7 * 0 .13d 914.8 ±0.2 5.66*0.82
928.933*0.093 0.11 ±0.03 928.9 ±0.3 0.12*0.02
1014.176*0.050 0.13 ±0.02 1014.2 ±0.2 0.33*0.10
1167.487*0.066 0.14 ±0.01 1167.3 ±0.2 0.14*0.01
1277.411*0.040 3.24,±0.11 1277.3 ±0.3 3.22*0.49
1351.592*0.060 0.16 ±0.02 1 3 5 1 .4 *0 .3 0.18*0.02
1461.735*0.040 ..0 .6 7  ±0.07 1461.5 ±0.4 0.63*0.07
Energy determined from energy d iffe rences in  the proposed decay scheme.
b^The in d iv id u a l values o f in te n s it ie s  ca lcu la te d  assuming a 6:1 ra t io  
fo r  I (9 9 .3 ) / !(9 9 .0 ) .
c)'Renorm alized.
^These interband tra n s it io n s  were assigned the fo llo w in g  in te n s ity  
u n c e rta in tie s  fo r  the ca lcu la tio n s  o f the B(E2) ra t io s :
631 -  15.5±0.02, 720 -  21.8±0.02, 730 -  8 .97*0.012, 741 -  22.6*0.3 
815 -  92.6±0.9, 914 -  5.77*0.09. Where the values are ca lcu la ted  
from a 3% u n ce rta n ity - in , the re la tiv e  e f f ic ie n c y .  " . •
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tab le  15* The balance is  w ith in  3% w ith  the depopulation
exceeding the population. This in te n s ity  balance is  w e ll w ith in
the experimental e r ro r . For the in te n s ity  balance o f tab le  15,
85)
the th e o re tic a l conversion c o e ff ic ie n ts  o f Hager and S e ltze r 
were used in  a l l  cases in  which experim enta l conversion c o e ffic ie n ts  
were not a va ila b le . The m u lt ip o la r it ie s  fo r  these cases were 
obtained from the spins and p a r i t ie s  o f the le ve ls  in  the decay 
scheme.
In l ig h t  o f the disagreement on the in te n s ity  o f the 79"keV
gamma ray, three independent checks o f the e ff ic ie n c y  c a lib ra tio n
o f the detectors used in  th is  work were made. The part o f  the
e ff ic ie n c y  curve below 100 keV is  very c r i t i c a l  because o f the
round ing -o ff due to  absorption (see f ig u re  14). The f i r s t  involved
160the re su lts  from the study o f the decay o f Tb in  section  5 .2 .
The measured photon in te n s ity  f o r  the 87- keV tra n s it io n  between
the 2+ ro ta tio n a l le ve l and the ground s ta te  resu lted  in  a
tra n s it io n  in te n s ity  balance to  w ith in  1% w ith  the population in te n s ity
exceeding the depopulating in te n s ity .  A second te s t involved a study
l80mo f the gamma rays o f 5.5 hr H f where beta (o r capture) feeding
cannot in te r fe re  and the in traband tra n s it io n s  are pure E2. The
measured photon in te n s it ie s  in  con junc tion  w ith  the th e o re tic a l
Q r \
conversion c o e ff ic ie n ts  o f Hager and S e ltze r '  served as a check 
on the e ff ic ie n c y  c a lib ra tio n  over the range o f  93 to  332 keV. The 
re s u lts  gave a 93-keV leve l t ra n s it io n  in te n s ity  balance to  w ith in  
3% w ith  the 93-keV tra n s it io n  in  excess. In the th ird  check o f 
the detector e ff ic ie n c y  c a lib ra t io n ,  the photon in te n s it ie s  o f the
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, Table 15. The T ra n s itio n  In te n s ity  Balance fo r the 2+ , K = 0 Level





c r X in *aT x 10 ' t
184 32.8 E2 333 43.7
741 22.6 E2 6.75a) 22.8
815 92.6 E2 5.49a) 93.0
914 5.77 E2 4.32a) 5.79
1014 0.13 M2 14.6 0.13
1351 0.16 El 0.77 0.16
1461 0.67 El 0.67 0.67
Depopulating T ra n s it io n
Total 166.25
79 22.0 E2 6770 170.94
a) The a  used here are ca lcu la ted  from the experim en ta lly  measured 
conversion e lec tro n  in te n s it ie s  o f Prather95l • o therw ise the ICC 
are the th e o re tic a l ICC o f Hager a n d 'S e ltz e r® /.
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low energy (84 to  264 keV) gamma rays o f Ta were measured. The 
re s u lts  were compared to  the weighted average o f the in te n s it ie s  o f 
references 98 and 99 which were measured to  a p re c is io n  o f  about 
5%, fo r  each case, using curved c ry s ta l spectrom eters. For the 
84-keV tra n s it io n  the measured in te n s ity  in  th is  work was 5% lower 
than the average value o f references 98 and 99. Thus, there  is  
considerable evidence to  support the v a l id i t y  o f our in te n s ity  
measurements in  the energy region below 100 keV.
94)The in te n s ity  o f the 1014-keV tra n s it io n  reported by Kenealy
is  almost a fa c to r  o f 3 la rg e r than the re s u lt  reported here . The
value reported here is  in  e xce lle n t agreement .with the values quoted
94)
by references 95“ 97. The in te n s ity  reported by Kenealy e t  a l .  
could contain a c o n tr ib u tio n  from the coincidence summing o f the 
198- and 815-keV gamma rays.
The 99*05“ keV tra n s it io n  was not resolved in  th is  in v e s t ig a t io n . 
Th is  t ra n s it io n  had p rev iou s ly  been observed and placed in  the decay 
scheme by K o c h * ^  who used a curved c ry s ta l spectrom eter. In th is  
in v e s tig a tio n , the energy was determined from the energy d iffe re n c e  
o f the leve ls  invo lved in  the placement by Koch. The value d e te r - . 
mined in  th is  manner is  in  good agreement w ith  the va lue , 98.984 ± 
0.015, reported by Koch. That the 99“ keV peak in  the spectrum o f 
th is  work is  a composite peak is  ind ica ted by the measured in te n s ity  
which, in  computing e le c tro n  capture feedings, gave a negative
feeding fo r  the 994-keV le v e l.  The 994-keV, = 4+ le v e l is
expected to  be reached in  the e lec tron  capture decay o f ^ T m
I mm 4* ’
which has I -  3 . To e lim in a te  the negative feed ing, i t  was
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necessary to  set an upper l im i t  on the in te n s ity  o f the 99»3” keV 
tra n s it io n  and a t t r ib u te  the remainder to  the 99.0-keV tra n s it io n .  
The upper l im i t  fo r  the 99.3“ keV in te n s ity  resu lte d  in  a ra t io  
s l ig h t ly  greater than 6 to  1 fo r  I (99-3 )/ I (9 9 .0 ). The value fo r
The comparison o f crossover energies to  the sum o f cascade 
energies are presented in  tab le  16. As can be seen from column 5, 
the d iffe re n ce  between the crossover energy and the sum o f cascade 
energies exceeds the standard dev ia tion  o f the comparison in  on ly  
k  o f the 27 examples and in  13 examples th is  d iffe re n ce  is  less 
than one h a lf  the standard d e v ia tio n . I t  should be noted th a t 
the fou r examples in  which the d iffe re n ce  exceeds the standard 
d ev ia tion  occur fo r  the 1461-keV crossover. For th is  crossover, 
the cascade sums are co n s is te n tly  lower than the crossover energy.
The average o f the la s t  four sums is  1461.650 ± 0.021 and is  85 eV 
less than the crossover value. This d iffe re n ce  is  s ig n if ic a n t  since 
i t  is  1.88 times the combined standard d e v ia tio n . This discrepancy 
may be the re s u lt  o f a lack o f high p re c is io n  c a lib ra t io n  standards 
in  the energy range 1330 to 1700 keV.
The gamma rays reported in  tab le  17 could not be placed in  the 
decay scheme on the basis o f th e ir  energ ies. These lin e s  were observed 
to  decay w ith  h a lf - l iv e s  between 70 and 100 days. Due to  the low 
in te n s ity  a t which they occurred ( re la t iv e  to  nearby lin e s  in  the
th is  r a t io  was a r b i t r a r i ly  taken to be 6 to  1. In the work o f
g M
Kenealy e t a l.  , the adopted ra t io  was 10 to  1 and in  the work
95)o f.P ra th e r the adopted ra t io  was 6 to  1.
m spectrum), more accurate determ inations o f  th e ir  decay rates
Table 16. Comparison of Crossover Energy and the Sum of Cascade Energies for Tm.
. C a s c a d e  Gamma Rays3^ Cascade Sum Crossover A  E/S igma^
99.294i0.017 173.95 ±0.43 273.244±0.431 272.871±0.088 -0.84
99.294*0.017 447.473±0.015 546.767±0.023 546.757±0.031 -0.26
198.252*0.013 447.473±0.015 645.725±0.020 645.706±0.023 -0.61
173.95 ±0.43 546.757±0.031 720.707±0.431 720.321±0.026 -0.88
272.87iiO.O88 447.473±0.015 720.344±0.090 +0.25
173.95 ±0.43 557.08 ±0.14 731.03 ±0.045 730.610±0.030 -0.93
184.295±0.014 557.08 ±0.14 741.375±0.141 741.320±0.028 -0.39
184.295±0.014 631.665±0.02l 815.960±0.026 815.948±0.030 -0.30
79.816±0.02l 74l.320±0.026 821.136±0.034 821.108±0.032 -0.69
99.294±00.017 73.0.610±0.030 829.904±0.035 829.914±0.031 +0.22
198.252i0.0l3 631.665±0.021 829.917i0. 025 -0.08
272.871±0.088 557.08 ±0.14 829.951±0.164 -0.26
184.295±0.014 730.610±0.030 914.905±0.033 914.901±0.032 -0.09
99.294±0.017 914.901±0.032 1014.195±0.036 1014.176±0.050 -0.31
184.295±0.014 839.914±0.031 1014.209±0.034 +0.54
198.252i0.013 8l5.948iO.030 1014.200±0.033 +0.40
272.871±0.088 741.320±0.028 1014.191±0.093 +0.14
348.405±0.055 928.933±0.093 1277.338±0.108 1277.411±0.040 -0.63
447.473±0.0'l5 829.914±0.031 1277.387±0.035 -0.45
Table 16. (cont'd)
3 )Cascade Gamma Rays Cascade Sum Crossover A  E/Sigma6*
5^6.757±0.031 730.610±0.030 1277.367i0.043 -0.75
557.08 ±0.14 720.321±0.026 1277.401i0.l42 -0.07
631.665i0.021 645.706i0.023 . 1277.371 i0 .031 -0.80
I84 .2 95 i0 .0 l4 1277.411±0.040 -1461.706±0.043 1461.735±0.040 -0 .48
447.473i0.015 1014.176±0.050 146l.649i0.053 -1.30
546.757i0.032 914.901±0.032 146l.658±0.044 -1.30
645.7Q6i0.032 8l5.948i0.031 1461.654±0.039 -1.45
720.321±0.026 74l.320i0.028 1461.641±0.038 -1.70
^E ne rg ies  in keV.
b)T, . . . r i  “-------- ~ 2 »The sigtna re fe rred  to  i s x f c r  + cr3 i  crossover sum
1 3 8
1 6 8Table 17. Unplaced Gamma Rays observed in the decay o f Tm.
Energy (keV) a)In te n s ity
Observed by 
Reference
122.08 ± 0.03 0.28 ± 0.05
232.72 ± 0.18 0.26 ± 0.04
246.68 ± 0.05 0.58 ± 0.15 97
253.76 ± 0.09 0.22 ± 0.04 97
768.68 ± 0.19 0.15 ± 0.05
789.74 ± 0.23 0.19 ± 0.04
00CM
-3"vOCO ± 0.11 0.56 ± 0.20
870.81 ± 0.06 0.24 ± 0 .0 7
878.6 ± 0.3 0.09 ± 0.04
885.5 ± 0.3 ' 0.30 ±  0.12
963.7 ± 0.3 0.09 ± 0.04
1262.61 ± 0.23 0.0^ ±  0.02 94
1312.06 ± 0.06 0.06 ±  O.Ol'
1324.49 ± -.2 3 0.06 ± 0.01 94-96
1488.8 ± 0.3 <0.005±0.003 94
a) The n o rm a liza tio n  is  on the basis o f 100 u n its  fo r  the  198-keV lin e .
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could not be made w ith in  the tim e d u ra tion  o f th is  in v e s tig a tio n .
These gamma rays could not be assigned to  any nucleus in  the region 
168(Z,A) o f Er on the basis o f th e ir  energies and h a lf - l iv e s .  Several 
o f these tra n s it io n s  have been observed by o ther in v e s tig a to rs .
The 1324-keV gamma has been observed in  references Sk~S6. The 
1262- and 1489-keV tra n s it io n s  have been observed by Kenealy
qk\
e t a l .  . The llf89"keV t ra n s it io n  was placed in  the decay scheme
proposed by reference 9^. In the le v e l scheme presented here
the llf89“ keV tra n s it io n  could no t be placed on the basis o f i t s
energy. Also the in te n s ity  reported by Kenealy e t a l.  is  tw ice
as large as the upper l im i t  es tab lished  in  th is  work. The 2^6-
and 253-keV tra n s it io n s  were observed in  the spectra o f reference
97 but no va lu e s -fo r the energ ies and in te n s it ie s  were reported.
The K -sh e ll conversion c o e ff ic ie n ts  were ca lcu la ted  using the
95)K -s h e ll converted e lec tron  in te n s it ie s  o f Prather '  and are given 
in  ta b le  18. The e lec tron  in te n s it ie s  were normalized so th a t the 
0^ o f the 184-keV tra n s it io n  was the pure E2 value o f reference 85. 
The m u lt ip o la r it ie s  ind ica ted  by comparison w ith  the th e o re tic a l 
values are given in  column 5. The on ly  in d ic a tio n s  o f m u ltip o le  
m ixing occur fo r  the 730- and 7^-1-keV tra n s it io n s .  The conversion 
c o e ff ic ie n t  o f the 7^1"keV t ra n s it io n  in d ica te s  an, Ml admixture.
For the 730-keV tra n s it io n ,  the 0̂  does not agree w ith  the • 
th e o re tic a l E2 value, but here the p o s s ib i l i t y  o f Ml mixing is  not 
allowed as the spin d iffe re n ce  between the leve ls  to  which the 730-keV 
t ra n s it io n  is  assigned is  2 u n its .  The next allowed m u ltip o le , M3, 
is  not expected to  compete w ith  the E2 process. The dev ia tion  o f






1 x 10^ 
eK
aK x 103 oX
3b)
a.. x 10 
(theory)
184 32.75i0.70 6880±340 (210±11) E2 210
198 100.00±2.0 4520±190 45 .2±2.0 El 45
273 0 .20±0.06 118±15 590*195 M2 600
284 0.18±0.06 9 .4 *4 .7 52.1±31.3 E2 59
348 0.62±0.07 21.7*6.6 35 .1±11.3 E2 34
422 0.54±0.08 24.0*7.1 44.4±14.7 Ml 46
447 43.91 ±1.30 1655*83 37.7*2.2 Ml 39
546 4 .8 2 i0 .12 20,4±6.6 4.2±1.4 El 3.9
557 0.39±0.03 5 .6 *1 .9 14.4±5.0 E2 10
631 I5 .5 4 i0 .40 129*17 8.3*1.1 E2 7.6
645 2.83±0.14 5.6±1.9 2.0±0.7 El 2.7
673 0.26±0.03 1.0*0.5 4 .0±1.9 El 2.6
720 21.79±0.50 52.7*3 .8 2 .4 i0 .2 El 2.2
730 8.97*0.20 54.9*3 .8 6 . I i0 .4 E2 5.5
741 22.64±0.50 129dJf 5 .7 i0 .2 E2 5.3
748 0.67±0.04 <0.094 <0.14 (E l) 2.0(E1)
815 92.61±1.90 425*71 4 .6 i0 .8 E2 4.4 -
821 22.26±0.50 111 ±34 5. O il.  5 E2 4.3
829 12.42±0.30 22.9*4.7 1 .8 i0 .4 El 1.65
914 5 .77±0.13 21.7*4.7 3 .8 i0 .8 E2 3.4
1014 0.13*0.02 0.89*0.39 6 .9±3.2 (M2) 12.5
1167 0 . I4 i0 .01 0 .26dt0.13 1,9 i0 .9 E2 2.1
1277 3 .24±0.11 2.62±0.38 0 . 8 l i0 . 13 El 0.75
1461 0.67*0.07 0.21±0 ,11 0 .32*0 .17(E l) 0.60
aHhe I are from Pra ther  ̂ normalized so th a t the o f the 184-keV e« ■ K
tra n s it io n  is  pure E2.
^T h e o re tic a l are from Hager and S e ltze r.
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the o f the 730- and 74l-keV tra n s it io n s  from the th e o re tica l
E2 values may n o t be re a l.  I t  is  no ticeab le  from columns 4 and 6
th a t, in  the energy range 500 to  900 keV, the ca lcu la ted conver­
sion c o e ff ic ie n ts  are co n s is te n tly  h igher than the th e o re tica l 
values by 8%, on the average, fo r  the more intense tra n s it io n s  
inc lud ing  the 730- and 74l-keV t ra n s it io n s .  Thus the norm a liza tion  
o f the e le c tro n  in te n s it ie s  may be the cause o f the d iscrepancies.
With a 5% reduction  in  the norm aliza tion  fa c to r fo r  the e le c tron
in te n s it ie s ,  the  m u lt ip o la r it ie s  ind ica ted  by the are pure 
except fo r  the 447-keV tra n s it io n  which would be Ml w ith  a small 
E2 component. Thus fo r  the above reasons, m u lti pole m ixing fo r  
the 730- and 74l-keV tra n s it io n s  is  not ind ica ted in  tab le  18.
The m u lt ip o la r it ie s  o f the 748-, 1014-, and l46l-keV tra n s it io n s  
are assigned the values in  parentheses because these values are 
the lowest th a t  are compatible w ith  the associated spin d iffe re n c e  
in  the adopted decay scheme o f fig u re  30.
The decay scheme presented in  f ig u re  30 is  cons is ten t w ith  the
energies and in te n s it ie s  reported here and the coincidence re s u lts  
o f P ra th e r " ^ ,  Reidy e t  a l . * ^  and Kenealy e t a l . * ^ .  The le ve l 
scheme is  e s s e n t ia lly  the same as th a t o f  Kenealy e t a l.  except
tha t here the placement o f the 720-, 1167", and 1351"keV tra n s it io n s
in  unambiguous. The 720-keV tra n s it io n  is  given a unique p o s it io n  
between the 1541- and 821-keV le ve ls . The coincidence re s u lts  o f  
Kenealy e t a l .  gave an in d ic a tio n  th a t a weak 720-keV gamma was 
in  coincidence w ith  the 9l4-keV tra n s it io n  which depopulates the 
le ve l a t ■994 keV. This 720-keV t ra n s it io n  would then depopulate the
3*
(4 ,5 )+  1715.71
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the 1715-keV le ve l and populate the 994-keV le v e l.  A d d itio n a l 
evidence th a t the peak a t 720 keV is  a composite peak is  provided 
b y K o c h * ^ .  !n summing the energies o f various cascades 
o r ig in a tin g  from the 154l-keV le v e l, the sum o f the 720-821 cascade,. 
1541.35 ± 0.04, is  observed to  s ig n if ic a n t ly  d i f f e r  from the 
energy sums o f the o ther cascades which when averaged y ie ld  the 
value 1541.58 ± 0.08. To account fo r  th is  d iffe re n ce , Koch assumed 
th a t the energy o f the 720-keV tra n s it io n  had been lowered due to 
the presence o f an unresolved 720-keV tra n s it io n  a t a s l ig h t ly  
lower energy. The energy sum o f the 720-821 cascade in  th is  work,
1541.44 ± 0.04, is  not s ig n if ic a n t ly  d if fe re n t  from the value
1541.48 ± 0.04 obtained from the average o f the energy sums o f 
o ther cascades. That the energy sum o f the 720-821 cascade is  s l ig h t ly  
low in  th is  work is  due to  the p o s s ib i l i ty  o f the energy o f the 
821-keV tra n s it io n  being about 20 eV low. The 821-keV gamma ray
was not completely resolved from the 8 l5 *9 “ keV gamma ray and the
peak ana lysis was performed by sim ultaneously f i t t i n g  two Gaussians 
to  the doub le t. As discussed in  sec tion  5 .2 , the asymmetry on the 
low energy side o f  the 821 peak, which is  less intense than the 
815.9 peak, could s h i f t  the peak lo ca tion  to  a s l ig h t  lower channel 
w ith  the re s u lt in g  energy ca lcu la ted  to  be s l ig h t ly  low. I f  another 
720-keV tra n s it io n  is  present, i t  could on ly  be placed between 
the 1715" and 994-keV le v e ls . In order to  prevent negative e lec tron  
capture feeding o f  the 994-keV le v e l, an upper l im i t  fo r  the ra t io  
o f the re la tiv e  in te n s it ie s  o f the two 720-keV tra n s it io n s  can be 
se t a t 0.0045. The e f fe c t  o f an.unresolved tra n s it io n  w ith  an
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in te n s ity  th is  low on the energy o f the composite peak would be 
expected to  be n e g lig ib le .  Thus there is  no evidence from th is  
in ve s tig a tio n  th a t the 720-keV peak is  composite.
In the decay scheme presented, the 1351"keV tra n s it io n  is  placed 
between the le v e l a t 1431- and 79*8-keV le ve ls  and the ll67"keV 
tra n s it io n  is  placed between the 1715" and 548-keV le ve ls . Kenealy
qh)
e t a l.  placed the 1167-keV tra n s it io n  between the 1431-keV
leve l and the 264-keV le v e l and also between the 1715“ and 548-keV
le ve ls . Kenealy e t a l .  placed the 1351"keV tra n s it io n  between the
1431“  and 79*8-keV le ve ls  and between the 1615“  and 264-keV le v e ls .
In th is  in v e s tig a tio n , the 1351“ tra n s it io n  was placed between the
1431”  and 79.8-keV le ve ls  on the basis o f the coincidence w ith  the
94179*8“ keV gamma ray as reported by Kenealy e t a l.  , and on the
basis th a t the energy .o f the 1351"keV gamma ray d id  not a llow
placement between the 1615“  and 264-keV le v e ls . With the placement
o f the 1351“ keV gamma ray, the 1167-keV gamma ray could on ly  be
placed between the 1715“  and 548-keV le v e ls . This placement was
s u f f ic ie n t  to  balance the tra n s it io n  in te n s ity  o f the 548-keV
le ve l which is  depopulated by the 284-keV gamma tra n s it io n  and
which is  not expected to  be reached in  the e lec tron  capture decay 
168
o f Tm (Al 83 3) • The 99.3“ keV tra n s it io n  has been d e f in i te ly !  
placed between the 1094- and 994-keV le ve ls  on the basis o f the 
energy d iffe re n ce  between the le ve ls .
From the m u lt ip o la r it ie s  ind ica ted  by the K -sh e ll conversion 
c o e ff ic ie n ts  in  ta b le  18, p a r it ie s  can be assigned to  the 1569“ keV 
and 1715-keV.levels. The le ve l a t 1569-keV is  assigned a negative
-1-45-
p a r i ty  since the depopulating tra n s it io n s , 673 and 748 keV, d isp lay  
and E l characte r in  populating the even p a r ity  le ve ls  a t 895 keV 
(3+ ) and 821 keV (2+) . In add ition  the poss ib le  sp in values o f 
the le v e l can be re s tr ic te d  to  2 or *3. The 1715“ keV le ve l is  
assigned a p o s it iv e  p a r i ty  on the basis o f  the E2 characte r o f 
the l l6 7 “ keV tra n s it io n  which populates the 6 le v e l a t 548 keV.
The poss ib le  sp in values can be re s tr ic te d  to  the values 4 and 5 
since th is  le v e l is  populated by the e le c tro n  capture decay from 
the ground s ta te  o f *^Tm  which has been in te rp re te d  as a 3+ 
s t a t e * ^  . The sp in and p a r ity  assignments o f the o the r leve ls  are 
w e ll e s ta b lish e d .
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The columns on the r ig h t  s ide o f the Er le v e l scheme l i s t
the ca lcu la te d  values fo r  the e le c tro n  capture feeding and the
corresponding log f t  va lues. The e le c tro n  capture feedings were
ca lc u la te d  using the measured values o f in  ta b le  18 and the
85)th e o re t ic a l values o f Hager and S e ltzer fo r  the c^ ' and as 
w e ll as fo r  the o f tra n s it io n s  not l is te d  in  ta b le  18. For 
t ra n s it io n s  w ith  unknown m u lt ip o la r ity ,  the lowest m u ltip o le  
allowed by the spins and p a r it ie s  o f the le ve ls  was assumed. The 
log f t  values were ca lcu la ted  assuming th a t = 1800 keV and 
using the nomographs o f reference 80.
The in te rp re ta t io n s  o f most o f the leve ls  have been given by
94) 'Kenealy A and are cons is ten t w ith  the re s u lts  obta ined here. The
le v e l a t 1431 keV has been in te rp re te d  here as a 3 octupole
v ib ra t io n a l le v e l on the basis o f the in e la s t ic  deuteron sca tte rin g
work o f  Tjdm and E lbek*0^  assuming th a t the 143l “ keV le ve l
il,/'T*TW
corresponds to  th e ir  leve l a t 1428 keV. This assumption is
p la u s ib le  since the 1351“ keV gamma which depopulates the 1431-keV
le ve l populates the 2 le v e l a t 264 keV.
The ground-state ro ta t io n a l and y -v ib ra t io n a l bands o f the 
168nucleus Er have been e s ta b lish e d . The ground-state band is
"I* 4"composed o f the ground s ta te , the 2 le v e l a t 79 keV, the 4 leve l
a t 264 keV, and the 6+ le v e l a t 548 keV. The y -v ib ra t io n a l band
is  composed o f 2 , 3 , 4 ,  and 5 members a t energies o f 821,
895, 994 and 1117 keV re s p e c tiv e ly . A jS -v ib ra tio n a l band has not
168been observed fo r  the Er nucleus.
The negative p a r ity  le ve ls  have been w e ll id e n t i f ie d .  The
l431“ keV leve l is  an octupole v ib ra t io n a l le v e l.  The 1094-keV,
94)4 le ve l has been in te rp re te d  '  as a two proton q u a s ip a rtic le  
le ve l w ith  K = 4. The 1193” keV, 5 le v e l has been a ss igned**^  
as a ro ta t io n a l le ve l b u i l t  upon the 1094-keV le v e l.  The l6 l5 “ keV, 
4 le ve l has been assigned as a ro ta t io n a l le ve l b u i l t  upon a two 
proton q u a s ip a rtic le  le ve l w ith  K = 3 a t 154l-keV as in te rp re te d  
by Kenealy e t a l.  . Due to  the u n ce rta in ty  in  the spin and lack
o f a K assignment, the 1569“  and 1715“ keV leve ls  have not been
in te rp re te d .
CHAPTER VI 
DISCUSSION
6.1 In tro d u c tio n
The gamma-ray energies and in te n s it ie s  o f the even-even 
deformed nucle i ^^G d, * ^ D y , and * ^ E r  have been measured to as 
h igh a prec is ion  co n s is te n t w ith  the present " s ta te -o f- th e -a r t"  
gamma-ray spectroscopy. The p rec is io n  on the energies ranged from 
10 to h0 eV fo r  the more prom inent tra n s it io n s  w ith in  the in d iv id u a l 
n u c le i. The re la t iv e  in te n s it ie s  were accurate to  about 2% fo r  
the same tra n s it io n s . As a re s u lt  o f th is  p re c is io n , the properties 
o f the /?- and y -v ib ra t io n a l and ground-state bands can be determined 
in  s u f f ic ie n t  d e ta il to  enable one to  te s t the adequacy o f the 
various c o lle c tiv e  models discussed in  chapter 2. The energy leve ls 
o f  these bands are the most c o lle c t iv e  le ve ls  in  the nucleus.
I t  is , in  fa c t, the energy s ta te s  o f these bands th a t e x h ib it c o lle c t­
iv e  nuclear phenomena, and the models in  questions assume tha t ad­
m ixtures o f the energy le ve ls  o f  these bands w ith  o the r non c o lle c t iv e  
sta tes need not be considered. This is  a reasonable assumption since 
the energy leve ls w ith in  these bands l ie  below the p a ir in g  gap energy 
where the leve l dens ity  increases due to  p a r t ic le  e x c ita t io n s . Thus, 
th is  chapter w i l l  be concerned w ith  the comparison o f the band-mixing 
p red ic tions  o f the models discussed in  chapter 2 w ith  the experimental 
observations, and the d iscuss ion  o f the re la t iv e  m erits  o f each o f 
the models. For the convenience o f the reader the p e rtin e n t parts 
o f  the energy leve l schemes o f  the th|*ee n u c le i are reproduced in
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fig u res  31 and 32. The energies, in  keV, and the re la t iv e  in te n s i­
t ie s  are shown fo r  each t ra n s it io n .
6.2 Band M ixing in  ^^Gd
The gamma-ray energies and in te n s it ie s  o f tab le  8 were used to
ca lcu la te  ra tio s  o f reduced E2 tra n s it io n  p ro b a b ilit ie s  from the j3
and y  bands to  members o f the ground-state band. The B(E2) ra t io s ,
which were ca lcu la ted  using equation (2-61) are given in  tab le  19.
These re s u lts  are compared to  p re d ic tio n s  o f the ad iaba tic  symmetric—
2)ro to r model o f Bohr and M ottelson (B-M), the ro ta t io n -v ib ra t io n
model o f Faessler, G re iner, and S h e lin e ^  (R-V), and the asymmetric-
ro to r model o f Davydov and Chaban*^ (D-C). The values fo r  the B-M
model were ca lcu la ted  as the ra tio s  o f the squares o f the appropria te
Clebsch-Gordan c o e ff ic ie n ts  as given by equation (2 -35). The B(E2)
ra tio s  fo r  the R-V model were ca lcu la ted  by Abecasis and B o s c h .
25)The values fo r  the D-C model were taken from Reidinger '  fo r  values 
o f y  -  10.73° and p  = 0.3999* The u n ce rta in tie s  in  the experim ental 
ra tio s  re s u lt  from the u n ce rta in tie s  in  the gamma ray in te n s it ie s .
The agreement between experiment and the p red ic tions  o f the models 
is  poor. Of the three models, the p red ic tions  o f the ro ta t io n -  
v ib ra tio n  model o f Faessler, G re iner, and S he line^  are, in  genera l, 
nearest to  the experim ental va lues. For the B(E2) ra t io  o f the 
(2 -* 2 ) /(2  -• 4) tra n s it io n s  the R-V model is  in  agreement w ith  the 
experim ental va lue . The nonadiabatic asymmetric ro to r model o f  
Davydov and Chaban*^ (D-C) does not agree w ith  the experim ental value 
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Table 19. The comparison o f experimental ra tio s  o ff reduced E2 
t ra n s it io n  p ro b a b il i t ie s  from the $ band o f |8 
154Gd to  model p re d ic tio n s .
' r - ' f B (E 2;I. -  l f ) B(E2) ra t io  (theory)
■ ' t - ' f B ( E 2 ; l . - l p B-Ma R-Vb D-Cc
2 - 0
2 - 2 0.131^0.006 0.698 0.33 0.38
2 - 2
2 - 4
0.314±0.023 0.557 0.33 0.23
2 - 0
2 - 4
0.041d0.003 0.389 0.11 0.086
4 - 2
4 - 4
0.0l4dt0.043 1.10 0.17 0.24
q\
A diabatic  sym m etric-ro tor model o f  Bohr and Mottelson .
b) 7)R o ta tio n -V ib ra tio n  model o f Faessler, G re iner, and Sheline .
Nonadiabatic asym m etric-ro tor model o f Davydov and C h a b a n ^ . 
Values given by Reid inger * fo r  y  =» 10.73° and fj, = 0.3999.
1 5 0
to  the experim ental value than the R-V model. In a l l  cases the D-C 
model is  in  b e tte r agreement w ith  the experim enta l values than the 
a d ia b a tic  symmetric ro to r  model (B-M).
The B(E2) ra tio s  fo r  t ra n s it io n s  from the y  band are given in
ta b le  20. In th is  ta b le  the p re d ic tio n  o f  the a d ia b a tic  asymmetric—
81ro to r  model o f Davydov and F ilip p o v  '  fo r  the (2 -♦ 0 ) /(2  -* 2) r a t io  
is  a lso  g iven. Th is value was ca lcu la ted  using equations (2-66b) and 
(2 -6 6 c ). The value o f y ,  13.9°» was determined from the r a t io  o f 
the energies o f the 2* s ta tes  in  the g round-s ta te  and y  bands as 
given by equation (2 .65 )*
The agreement between experiment and the model p re d ic tio n s  fo r  
t ra n s it io n s  from th e y  band is  s t i l l  poor. Howevelr, the model 
p re d ic tio n s  here are in  b e tte r  agreement than fo r  the ra tio s  frcim 
the /J band. The best agreement w ith  experim ent is  achieved by the 
D-C model. For two o f  the f iv e  ra tio s  the re  is  agreement between 
the p re d ic tio n s  o f  the D-C model and the experim enta l va lue . The 
R-V model p re d ic tio n s  agree w ith  the experim enta l va lue fo r  on ly  one 
r a t io  and the p red ic ted  r a t io  fo r  the t ra n s it io n s  from the *t+ le ve l 
is  a fa c to r  o f 3 h igher than the experim ental va lue . The a d ia b a tic  
asym m etric-ro tor model is  more successful than the a d ia b a tic  
sym m etric-ro to r model in  the on ly  p re d ic tio n  presented. A t best the 
D-F model is  as successfu l as the R-V model and is  d e f in i te ly  less 
successfu l than the D-C model in  th is  p re d ic t io n .  The a d ia b a tic  
sym m etric -ro to r model is  observed to  be once again ve ry  inadequate in  
p re d ic t in g  the B(E2) ra t io s .
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Table 20. The comparison o f  experimental ra tio s  o f reduced E2 
tra n s it io n  p ro b a b ilit ie s  from the y  band o f  15^r n to  
to  model p re d ic tio n s .
' >1 -  ' f B (E2; 1. -  | f ) B(E2) ra t io  (theory)
' l - ' f
B(E2; 1. -  l f ) B-Ma^ R-Vb* D-F°^ D-Cd^
2 - 0
2 - 2 0.452±0.017 0.698 0.49 j 0.41 0.44
2 - 2
2 - 2 7.50 ±0.44 19.9 5.9  ’ ! 8.94
2 - 0
2 - 4 3.39 ±0.21 13.9 2.9 3.92
3 - 2
3 - 4
0.02 ±0.04 2.50 1.00 0.99
4 - 2
4 - 4
0.139*0.012 0.340 0.38 0.11
a) A d iaba tic  sym m etric-rotor model o f  Bohr and M ottelson.
b) R o ta tio n -V ib ra tio n  model o f Faessle r, G re iner, and Sheline.
c) A d iaba tic  asym m etric-rotor model o f Davydov and F ilip p o v .
d) Nonadiabatic asym m etric-ro tor’ model o f Davydov and ChabanJ0  ̂
Values given by R e id in g e r^  fo r  y  » 10.73° and / j » 0.3999.
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By considering both tab les 19 and 20, i t  is  observed th a t the 
macroscopic theo ries  do no t g ive an adequate de scrip tio n  o f the 
interband B(E2) ra t io s  in  ^^G d . I t  is  a lso observed tha t the 
models are more successfu l in  the p red ic tio n s  o f B(E2) ra tio s  fo r  
tra n s itio n s  from the y  band than fo r  tra n s it io n s  from the /3 band.
The nonadiabatic asym m etric-ro tor model (D-C) has more success 
than the ro ta t io n -v ib ra t io n  model (R-V) in  the p red ic tion  o f ra tio s  
from the y  band. For the p re d ic tio n  o f ra tio s  from the 0 band 
the reverse is  t ru e . For the ra tio s  from both bands, the R-V and 
D-C models are successfu l in  p re d ic tin g  two ra tio s  each w ith  one 
ra t io ,  the (3 -♦ 2 ) / (3  -* b) r a t io  from the y  band, being c o rre c tly  
predicted by both models. The p red ic tion s  o f  the R-V model are 
d e f in ite ly  c lose r to  the experim ental ra tio s  than is  the D-C model 
fo r three cases. The D-C model is  d e f in i te ly  more successful than 
the R-V, model in  th ree o th e r cases. For the remaining three cases, 
consideration o f the experim enta l u n ce rta in tie s  allows one to  say 
tha t the ro ta t io n -v ib ra t io n  and asymmetric ro to r  models are equa lly  
successful. Thus these two nonadiabatic models have equal, although 
lim ite d , success in  p re d ic t in g  B(E2) ra tio s  from the v ib ra tio n a l bands
i n 1 5 V  '
The p e rtu rb a tio n a l approach to  band m ixing can be compared to  
experiment in  a d i f fe re n t  manner. The ro ta t io n a l- in t r in s ic  in te ra c t io n  
is  treated as a p e rtu rb a tio n  w ithou t s p e c if ic a tio n  o f  the exact form 
o f the in te ra c t io n . Thus there  are unknown m a trix  elements in  the 
expressions which c o rre c t the a d iaba tic  v ib ra tio n a l and ro ta t io n a l
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s ta te  fu n c tio n s . As a re s u lt  o f these co rrec tions ' to  the s ta te
I
fu n c tio n s , the B(E2) ra tio s  from the v ib ra t io n a l bands are m odified.
*
The m odified B(E2) ra tio s  are re la ted  to  the a d iab a tic  o r unperturbed 
r a t io  by a m u lt ip l ic a t iv e  co rrec tion  fa c to r  denoted by * I j »I f )  •
The parameter re fe rs  to  the change in  K between the bands)
is  the spin independent m ixing amplitude and is  given by the ra tio  
o f  the unknown m a trix  elements. The comparison o f ad iaba tic  B(E2) 
ra t io s  to  experim ental ra tio s  determines the value o f  since
the spin dependent mixing amplitudes can be ca lcu la ted  d ire c t ly  
using equations (2-5*0 and (2-55)• From each B(E2) r a t io  o f a given 
band, a value o f z ^ ^  can be ca lcu la te d . The approach taken in  
th is  p e rtu rb a tio n a l treatm ent is  v e r if ie d  i f  the comparison o f 
a d ia b a tic  B(E2) ra tio s  to  the experim ental ra tio s  y ie ld s  a consisten t 
se t o f  m ixing parameters, z ^  fo r  t ra n s it io n s  from a given band.
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The B(E2) values fo r  tra n s it io n s  from the y  band o f Gd and 
the corresponding values o f Zg (p re v io u s ly  re fe rre d  to  as z^ fo r 
convenience) are presented in  tab le  21. The p re d ic tio n s  o f the 
a d ia b a tic  sym m etric-rotor model are in  column 4 . The co rrec tion  
fa c to rs  presented in  column f iv e  are from ta b le  2 (chapter 2) w ith 
z^y = 0. The Z2 values are not in  mutual agreement and on ly  the 
values ca lcu la ted  from the (2 -♦ 0 ) / ( 2 2) and (3 *♦ 2 ) /(3  *0 ra tio s
are in  agreement. The most obvious exp lana tion  o f th is  d is p a r ity  
in  the z^ values is  tha t the mixing o f  the f} and y  bands is  not 
n e g lig ib le .  To inc lude the e ffe c ts  o f th is  m ixing, the value o f Z2 
fo r  the (3 -♦ 2 )/ (3  -♦ *0 r a t io ,  which is  unaffected by (} -  y  mixing 
as explained in  chapter 2, is  adopted as the value which is
Table 21. -  Experimental B(E2) Ratios and Values
K K f - ^ K f  E ( l.  - l f )  B(E2; l kK. l f Kf ) Theory C orrection ,
I I j.Kf .........E ( l , - I p  .. B(E2; l.K . -  I j.Kf ) . (Adiabat i c ) ............Factor . . . . . .  x 1(T
§^ | 0.652 ± 0.017 0.698 | j ' * 2  'j2 7 4 . 8 *  6.7
WzM M5 7.50 ± 0.46 19.9 { ^ )  l09 - 5 ± I 0 -2
'%  3.39 ±0 . 21  13.9 ( l ^ f V  93.0 ± 5.3
^  1.026 ± 0.037 2.50 76.6 ± 3.5
t f -T T S  T P _________ 0.139 ± 0.012 0.360 57.6 ± 6.9
Ul■p-
c h a ra c te r is t ic  o f the y  band. With th is  value fo r  and using 
the co rrec tions  fa c to rs  o f tab le  2, the values o f z . ,  can be
py
ca lcu la te d . These ca lcu la ted  values are given in  tab le  22. The 
quoted u n ce rta in tie s  do not include the u n ce rta in ty  in  the z^ value. 
I t  is  observed th a t a cons is ten t set o f  m ixing parameters, z^ and 
z0 , has not been obta ined. This is  in  co n tra s t to  the recentpy 25)
re su lts  o f Reidinger who obtained a co ns is ten t two parameter 
d e sc rip tio n  o f the experimental B(E2) ra tio s  from the y  bands o f 
^ S m  and ^ \ d .  Whereas the numerical values o f z^  ca lcu la ted
in  the present in ve s tig a tio n  are in  e x c e lle n t agreement w ith  the
25) .corresponding values o f Reidinger , the u n ce rta in tie s  quoted here
are lower by more than a fa c to r o f two than the u n ce rta in tie s  o f
i
R e id inger. W ith the improved p rec is ion  in  the z^  re s u lts  reported
here, a cons is ten t two parameter d e sc rip tio n  o f band,mixing is
not obtained in  th is  case.
The B(E2) ra tio s  fo r  tra n s it io n s  from the (3 band and the zQ
(p re v io us ly  denoted by za fo r  convenience) values obtained by
P
comparing these ra tio s  to  p red ic tions  o f the a d ia ba tic  symmetric- 
ro to r  model are given in  tab le  23. The z^ values o f column 6 are. 
obtained by neg lecting  the mixing o f the ft and y  bands. The wide 
v a r ia tio n  o f the ca lcu la ted  values is  e v id e n t. In an attempt to  
reconc ile  these Zq values, the e ffe c ts  o f /3-y m ixing has been 
included in  the c a lc u la tio n  o f the Zq values and these re s u lts  are 
presented in  the la s t column. This is  accomplished by tak ing  the 
a r ith m e tic  average o f the values in  ta b le  22 as an estim ate o f  z -  .
' -  ■ ' ■ -■ - 4  ' * *  :
The value o f ■ 11. 4 x  10 3 together w ith  the Coulomb e x c ita t io n
lc|i
Table 22. Gd -  Experimental z^ and Values
B(E2; I.K . -  l f Kf ) Theory
(A d iabatic) z2 x 103
z0y x ' ° 3B(E2; 1.K, -  . . . .
22 -* 00 
22 -  20
0.452 ± 0 .0 1 7 0.698 74.8 ±  6.7 o
22— 20 
22 -  40
7.50 ± 0 .4 4 19.9 109.5 ±10.2 13.2 ±  3.6
22— 00 
■ _ 22 4o
3.39 ± 0 .2 1 13.9 93.0 ±  5.3 25.7 ±  7.7
: 32 — 20 
. , 32 -* 40
1.024 ± 0 .0 3 7 2.5 74.4 ±  3.5a =0
42— 20
-  .42.t*.40 .............................
0.139 ±  0.012 ' 0.34 54.4 ± 4 .9 6.55 ±  1.88
a- Adopted as the Zg value c h a ra c te r is t ic  o f the band and is used to  ca lcu la te the Z- values
py
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re s u lts  o f Yoshizawa e t a l. * ® ^  are used in  equation (2-58) to  ob ta in
-3the value *  1.95 x 10 , which is  used to  compute zQ corrected
fo r  /}-y m ix ing . The Zq parameters are s t i l l  seen to  be w ide ly  
va ry in g . !
As is  eviden t from tables 22 and 23, the in c lu s io n  o f f}-y  
m ixing does not produce a cons is ten t se t o f m ixing parameters fo r  
e ith e r  the j8 o r y  bands. The re s u lts  fo r  the j3 band e x h ib it  a 
g rea te r d is p a r ity  than the re su lts  o f the y  band. Thus, from the 
re s u lts  presented here, the pe rtu rba tion  approach o f Bohr and 
M otte lson*® ^ is  seen to  be inadequate in  the d e s c rip tio n  o f the 
B(E2) ra tio s  o f  tra n s it io n s  from the one-phonon v ib ra t io n a l bands 
in  15\ d .
In l ig h t  o f  the fa i lu re  o f the macroscopic and phenomenological
models, i t  is  o f  in te re s t to  see i f  the m icroscopic models can
\ci± lM
describe the band m ixing in  Gd. Marshalek has re la te d  the
band-mixing parameters to  be d e riva tive s  o f the moment o f in e r t ia
w ith  respect to  0 and y ,  according to  equations (2-7**a,b). The
m icroscopic model ca lcu la tio n s  o f the moment o f in e r t ia  as a func tion
o f  the shape and gap parameters enable p re d ic tio n s  o f the band-
m ixing parameters from the p a ir in g  plus quadrupole form alism .
Ik)Marshalek ca lcu la tes  m ixing parameters fo r  th ree  cases. In the 
f i r s t  case,a pu re ly  m icroscopic treatm ent gives m ixing parameters 
ca lcu la te d  from e m p irica l p a ir in g  gap parameters. The second case 
is  a c a lc u la tio n  using those gap parameters which e x a c tly  reproduce 
the observed moment o f in e r t ia .  The th ird  case is  a c a lc u la tio n  in  
which the phenomenological expression fo r  the moment of. in e r t ia ,
Table 23. -  Experimental B(E2) Ratios and zq Values
1 .K. -  U K , 
i i  f  f E(1 i 1 f )
B(E2)
B(E2) Theory1 . K . 1 ' K_ 
i i  . f  f E ( l.  -  \'f ) (Adiabati<
20 -  00 
20 -  20
815
692 0 .1306±0.0060 0.698
20 -♦ 20 




20 -  00 




40 -* 20 924 0.104 ±0.043 1.10
.......................... 3
C orrection _____ *o *
Factor no )3-y mixing j3-y mixing
.40 -* 40 - .  . . 676




23.7 ± 3.5 26.2 ± 3 .6
o'
i2 64.0 ±  2.4 61.9 ± 2 .4
( 1 - I 4 z j2 49.5 ± 4.7 53.0 ± 4 .8o
Calculated using = 1.95 x 10” ^. This value was ca lcu la ted  assuming z^  = 11.4 x 10 ^ 
and using the coulomb e x c ita t io n  date o f reference .105.
equation (2-13)» is  used. b£s e t  a l . 1̂  have made microscopic 
calculations by solving the time dependent Hartree-Fock-Bogolyubov 
equation in the nonadiabatic lim it  of the random-phase approximation. 
Pavlichenkov^ also uses the random-phase approximation but 
includes a ro tation -vibration  in teraction . The microscopic mixing 
parameter predictions o f references 14, 16, and 17 are compared 
to the experimental mixing parameters in table 24. The table also 
includes the mixing parameters for the nuclei ^°Dy and ^®Er 
which are not of in terest in the present discussion but which w il l
be referred to in sections 6.3 and 6 .4 . For the Zq value of
154 ,Gd, the a rith m e tic  average o f  the in d iv id u a l values is  given in
column one. Due to the wide variation in the Zq values, the
average may or may not be r e a lis t ic .  This average value can be
14)compared with the microscopic values of Marshalek for the
th ree cases as discussed above. Bes e t  a l . ^  and P a v lic h e n k o v ^
do not give calculations of Zq. The three cases for Marshalek
are in moderate agreement with the experimental value. The value
+of z j  is the experimental value for the ra tio  from the 3 level 
in th e y  band which is not affected by p -y  mixing. The microscopic 
value of PaVlichenkov is observed to have some success in the 
prediction of The prediction of Bes e t a l .  is  seen to have 
less success but is  closer to the experimental value than the 
predictions for the three cases of Marshalek. The microscopic 
predictions of Marshalek (case I and case I I )  are more re a lis t ic  
than the phenomenological case • (case I I I ) . Marshalek has pointed 
out that the experimental values are,., in  general,, larger than
160
Table 2k, The comparison of experimental band-mixing parameters to 
the predictions of microscopic models.
Nucleus z#x l0 3 z2x l0 3 bSs ' 6> 17)Pavllchenkov
■ i
Marshalek Ik)
1 II I I I
55® L. ■V ' '
r’i
63 .63 63
4 7 k M y s * 60 79 56 53 99
,6°Dy 36.7a 31 30 37 3k 66
,68Er 32.0±1.3C ]k 26 25 2k 72




This value is the z^ value which is unaffected by ($-y  mixing.
This value is the weighted average of the consistent set of 
Individual .values. .
,  '. . V - *;,■*, '>• ' ' iVs' 1 •• ■> ■ ■ • . ,
, '
: '■■■ & • 0 i '> -  ‘ -
,V - ‘ ’
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the m icroscopic values but sm aller than the phenomenological values.
\cL
This is  ev ident fo r  the re su lts  o f Gd. The m icroscopic value 
ca lcu la ted  from e m p irica l gap parameters is  s l ig h t ly  more 
successful than the value ca lcu la ted  from the gap parameters which 
e xac tly  reproduce the experimental moments o f in e r t ia .
The comparison o f the m icroscopic m ixing parameter w ith  the
iq ii
experimental values fo r  G d iind ica tes th a t the model o f 
Pavlichenkov1^ ,  w h ile  not in  good agreement w ith  experiment, is  
more r e a l is t ic  than the model o f Bes e t a l . 1^  and Marshalek1̂ .
This could be due to  the inc lu s io n  o f a ro ta t io n -v ib ra t io n  in te r ­
action  in  the c a lc u la tio n  o f Pavlichenkov. The model o f Bes is  
observed to  be more successful than the model o f Marshalek. Thus, 
the nonadiabatic random-phase approximation used by both 
Pavlichenkov and Bes is  observed to  have more v a l id i t y  than the 
assumption o f a d ia b a tic , large amplitude v ib ra tio n s  as employed by 
Harshalek.
As mentioned in  chapter 2, the energy le ve ls  o f . the ground- 
s ta te  ro ta t io n a l band deviate from the p re d ic tio n s  o f  the ad iaba tic  
sym m etric-ro tor model. The dev ia tion  has the form o f a depression 
( in  energy) o f  the ro ta tio n a l leve ls  and is  a re s u lt  o f  nonadiabatic 
e ffe c ts  such as the ro ta t io n -v ib ra t io n  in te ra c t io n  (band m ixing) 
and the increase in  the deformation parameter 0 w ith  increasing 
ro ta tio n a l angular momentum. The increase in  j3 w ith  angular 
momentum is  re fe rre d  to  as j8 s tre tch in g  or. c e n tr ifu g a l s tre tc h in g .
An improved formula for the rotational energies is  given by 
equation (2 -4 6 ). This formula was obtained;as a f i r s t  approximation
from a classical calculation of centrifugal stretching*0*^ and from
5 24)calculations including the ro tation -v ib ration  interaction * .
Ik )Marshalek calculates the B parameter as the sum of fiv e  terms 
given by equation (2 -73)• These terms have been discussed in  
chapter 2. Pavlichenkov*^* calculates B as the sum of three terms
B -  B + Ba + B , (6-1)
o 0 y
where B~ and B are the band-mixing contributions and B is the0  y  °
contribution due to the interaction of rotation.iwith the p artic le  
motion.
Experimentally, the B parameter can be calculated by f i t t in g  
the expression (2-46) to the energies o f the 2 and k  members of 
the ground-state rotational band. The parameters Bfl and B can be
P y
calculated w ithin the framework of the perturbational approach using 
equations (2 -48), where €« and e are calculated from the mixing
p  y
parameters z^ (zQ) and z^ (z2) using (2-52) and (2-57) and the 
Coulomb excitation results o f reference 105. The results of the 
experimental calculations are presented in table 25* The 
theoretical predictions of Marshalek**** and Pavlichenkov*^* are 
presented for comparison. The predictions for Marshalek are for 
. two cases. The f i r s t  row, case I ,  contains the values calculated
from energy gaps which reproduce the observed moment of in e rtia
! * ■ 
and the second row, case I I ,  contains the values calculated from
empirical gaps. The experimental and theoretical values for the
nuclei; *^°Dy.and *^®Er are included for la te r reference. For the 
154 'nucleus.  ̂ Gd, the value Bf l;is best described,by the predictions of
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Marshalek (case l ) .  An un ce rta in ty  fo r  the value is  not given 
as th is  value was ca lcu la ted  from the a rith m e tic  average o f  the 
values whose wide v a r ia t io n  has been discussed e a r l ie r .  The 
p re d ic tio n  o f  B by Pavlichenkov is  not in  agreement w ith  the
t. *
experim ental B^ but is  much c loser to  the experimental value than 
is  the B ca lcu la ted  by Marshalek fo r  both cases. The p re d ic tio n
y
o f by Marshalek (case I)  is  more successful than the value
o f  Pavlichenkov in  describ ing  the experim ental value o f 
The Bj.Qtaj  o f Pavlichenkov is  in  agreement w ith  the experim ental 
va lue, B . + B . I t  is  ev iden t from the tab le  th a t the experim ental
P y
band-mixing c o n tr ib u tio n , Bfl + B , to  the energy s h i f t  does not
p y
account fo r  the observed s h i f t .  Th is conclusion is  no t s u rp r is in g
9C
and has been noted e a r l ie r  ’ . The band-mixing c o n tr ib u tio n
fo r  ^ S jd  is  o n ly  60% o f  the observed energy s h i f t .  
jcZi
For Gd, i t  is  observed th a t the m icroscopic models have on ly  
lim ite d  success in  p re d ic tin g  the energy s h if ts  o f the ground-state 
band. The theo ries  underestimate the band-mixing c o n tr ib u tio n s  
to  the s h i f t s .  M arshalek's c a lc u la tio n  o f B^ is  low by a fa c to r
o f  12 and Pavlichenkov*s c a lc u la tio n  is  low by a fa c to r  o f 2..
I
For the p re d ic tio n  o f Bto ta j ,  the value o f  Marshalek (case I )  is  
s l ig h t ly  h igher than the experim ental value and Pavlichenkov*s 
value is  low by a fa c to r  o f almost 2 . I t  seems th a t Pavlichenkov 
has no t accounted fo r  some im portant nonadiabatic e ffe c ts  such as 
the p e rtu rb a tio n  o f  the ground-state band by the C o r io lis  fo rce  
which is  included in  the theory o f  Marshalek and is  seen to  be 
the most im portant nonadiabatic term. This conclusion is  supported
Table 25. The B values fo r  *”̂ Gd, ^ D y ,  and ^® E r. The experimental values 
are determined from the energy leve l spacing o f  the ground-state 




to ta l Marshal e k ^ B 
By  Bto ta l
Pavl ichenkov*^ 
B0 By  B to ta l




104 2.3 240 
0.37 37.4 1.1 8.0
I« 8 Er 2.05*0.39 6.94*0.03
0.70 58
0.096 25 
- - 0.14 31.3
0.9  7.0
a) a l l  B values are in  eV
b) two values are l is te d  w ith  the f i r s t  row ca lcu la ted  using energy gaps
: which e xac tly  reproduce the moments o f in e r t ia  and the second row c a lc -
u la ted  from em pirica l gaps --------------------------  . ~—
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By the apparent agreement of the Bto ta j ° f  PavlIchenkoy with the total
experimental band-mixing contribution, + B .̂ The calculation for
case I I  by Marshalek (case of empirical gap parameters) overestimates
the Bp and Bto ta | » ant*i as before, underestimates the B^. I t  should
be pointed out that conclusions from the comparison on B  ̂ to the
experimental Ba are uncertain because of the lack of a good estimate P
of Zp. The adopted Zp is the average of the widely varying Zp in table
23. The choice of any individual Zp could change the experimental Bp
value. Had the z a o f the (k -* 2 ) / (U  -* k) ra tio  been chosen the calculatedP
Ba value would be in very good, agreement with the prediction of 
P
Pavlichenkov and had the za from the (2 -» 0 ) / ( 2  -♦ 2) ra t io  been chosenP
there would be good agreement with the value of Marshalek for case I I .
!'
6 .3 Band Mixing In  ̂ ®Dy
The B(E2) ratios for interband / transitions in ^®Dy are compared, 
in table 26, to the values predicted by the adiabatic symmetrlc-rotor 
model (B-M), the rotation-vibration  model (R -V ), and the adiabatic 
asymmetric rotor model (D-F). The values fo r the R-V model are taken 
from Faessier, Greiner, and Sheline^ and the values for the D-F model 
were taken from reference 88 for y  » 11.9°. Theny calculated from the 
energies obtained here is exactly 11.9°. The values for the B-M model 
are the ratios of the squares o f Clebsch-Gordan co e ffic ien ts . In no 
case .are the macroscopic model predictions w ith in  three standard 
deviations of the experimental values. Of the three models the D-F 
model is the most successful. The R-V model is seen to be superior 
to the B-M model. Unfortunately, the B(E2) calculations fo r the non- 
ad labat Ic asymmetrlc-rotor model (D-C) for ^Dy have not been reported.
:Table 26. The comparison o f experimental ratios of reduced E2 
transition prob ab ilities  from the y  band of. ^®Dy to 
model predictions.
» l - ' f
■ i - ' f







ra tlo ( th e o ry )  
R-Vb) d-F c*
•
. 2 - 0
2 - 2 0 .523±0.12 0.698 0.42 0 .48
. 2 - 2  
; 2 - 4 15.7 40 .5 19.9 10.0
/  2 - 0  
2 - 4  . 8.21 dao.28 13.9
3 - 2  
3 -  4 1.68 40 .10 2 .5
1.00 1.11
4 - 2
4 - 4 0.14340.014 0 .3 4
#
2)a) Adiabatic symmetric-rotor model o f Bohr and Mot te l son.
b) Rotation-Vibration model of Faessler, Greiner, and S hellne .^
8)c) Adiabatic asympetrtc-rotor model o f Davydov and Filippov. 7
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In a ll .cases the R-V and D-F models predict ratios which are smaller 
than the experimental ra tio s . The R-V model, which . includes the 
nonadiabatic e ffe c t of v ib ra tlo n -ro ta tlon  coupling, overestimates the 
effect of nonadiabatic!ty.
The B (E2)'ratios for ^ D y  were used to calculate the band-mixing 
parameter Zg. These are given in table 27. As is evident, a consistent 
set of Z2 values has not been obtained. Only two of the Z2 values, for 
the (2 -* 0 ) /(2  -♦ k) and (3 -» 2 ) /(3  -* k) ra tio s , are in agreement. 
Previously, Ludington e t a l.® ^  and Jaklevic et a.l . * ^  obtained mixing 
parameters which were widely varying and exhibited the same trend as
92)is evident here. However, in a recent investigation, Gunther et a l.
obtained a consistent one parameter desdription and the value of
z2 = (*H .9±3.5)x 10 was a weighted average o f the individual mixing
parameters. The Z2 values o f references 87 and 92 are compared to the
results of th is  investigation in table 28.
In view of the divergence of the calculated Z2 values for *^Dy
in the results of th is  investigation and that of references 87 and 90
92)and the consistency obtained by Gunther et a l . , a re-examination of
1
the measured quantities was made to determine possible contributions to 
errors in the B(E2) values. One possible source of error is Ml 
admixtures in the interband transitions. The total- gamma intensity of 
a transition Is the sum of the In tensities for each multipole component 
of the tran s itio n . Thus, I f  an .interband transition  has any Ml 
admixture, the Ml contribution should be subtracted from the total 
intensity before B(E2) ratios are calculated. To have an Ml admixture 
a transition must take place between levels whose spin difference, I , 
is 0 or I .  For the interband transitions of ^®Dy, the transitions
1fio
Table 27. Dy -  Experimental B(E2) Ratios and z  ̂ Values
1 .K. - 1 -K . i I f  f E(l i ” 1 f) S(E2; 1. * i Theory
I . K . . -  ILK.. i i  f  f HOr J«) •b(E2;.1.K, - ' f KP . . (Adiabatic
2 2 - 0 0  
22 -  20
966
879 0.523 ±  0.012 0.699
22 -  20 
22— 40
879
682 15.7 ±  0.5 19.9
22 -  00 
2 2 - 0 0
. 966 
382
8.21 ± 0 .2 8 13.9
3 2 - 2 0  
32 -  40
962
7?5
1.68 ± 0 . 1 0 2.50
42 -  20 
. 4 2 - 4 0
1069 
872 . . .







A l + 2 z J -
49.5 ±  4.0
18.7 ±  2.8
29.2  ±  2.1 
%
30.5 ±  4.9  
5 5 . 8 ±  5.6
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Table 28. ^®Dy -  Comparison o f z^  values (xlO^)
' l Kr  ' f Kf  




e t a l . 8^
Gunther 
, et al
0 22 -  00 
22 -  20 49 .5*4 .0 53*10 43.5*5 .0
22 -» 00 
22 -* 4o 29.2db2i 1 31*7® 4 0 .7 *5 .0 °
22 -♦ 20 
22 -» 40 18.7*2.8 20*8 39.8*6.6
32 -  20 
32 -  40 30.5*4.9 38*9 43.4*3.5
42 -  20 
42 -* 40 . 55.8*5.6 60*20
weighted
average 4 1 .9 *3 .5b ........
a) these z ,  values were not reported but were calculate from the 
reported B(E2) ratios .
b) the average does not contain the unreported z ,  for the 2 -» 0 /  
2 -♦ 4 ra tio . ’
i
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2 — 2 (879 keV), U -  U (872 keV), 3 -  2 (962 keV), and 3 -  k  (765 keV) 
can have Ml admixtures. The 2 - 0  ($66 keV) t ra n s it io n  can on ly  be 
pure E2. The m u lt ip o la r it ie s  deduced from the experimental K -she ll 
in te rna ] conversion c o e ff ic ie n ts ,  in tab le  13, ind ica te  th a t the 879-, 
962-, and 966-keV tra n s it io n s  are pure E2 and th a t the 682- and 765-keV 
tra n s it io n s  have Ml admixtures. The d ire c tio n a l c o rre la tio n  re su lts  
o f Ja k lev ic  e t a l.® ^  ind ica te  tha t the 962 is 97 to  99% E2, and the 
879 is  £ 98.5% E2. These re su lts  are cons is ten t w ith  e a r l ie r  d ire c tio n a l 
c o rre la tio n  re su lts  *09) ( jh us f rom t he experimental K -she i1 
conversion c o e ff ic ie n ts  and from the d ire c tio n a l c o rre la t io n  data, i t  
can be concluded th a t Ml admixtures in the 879- and 962-keV tra n s it io n s , 
i f  p resent, are less than a few percent. This amount o f m ixing would 
not account fo r  the v a r ia t io n  in  the z^ parameters. Due to  low tra n ­
s it io n  in te n s it ie s ,  d ire c tio n a l c o rre la tio n  re s u lts  fo r  the 682- and 
765-keV tra n s it io n s  have not been reported. The fo r  the 682-keV 
t ra n s it io n  ind ica tes th a t 52±if7% o f the gamma in te n s ity  is  Ml. This 
m ixing Is obtained when the conversion c o e ff ic ie n t  is  f i t  to  the 
th e o re tic a l conversion c o e ff ic ie n ts ® ^  fo r  E2 (5 .8  x 10 and Ml 
(11.7 x 10"^) m u litp o la r it ie s .  The mixing determined from the o f 
th e .765-keV tra n s it io n  is  40db12% Ml (0^=4.5 x 10 ^  fo r  E2 and 8.7 x 10 ^ 
fo r  M l). Mixtur.es o f  these mganitudes are not expected fo r  t ra n s it io n s
from the y  band to  the ground-state band due to  Ml being K fo rb idden.
87)Ludington e t a l .  '  report th a t the M1 admixtures fo r  these interband 
tra n s it io n s  are less than a few percent. The B(E2) ra t io s ,  which 
involve the 682- o r 765-keV tra n s it io n s , exceed the a d ia b a tic  ra tio s  
when the gamma in te n s it ie s  fo r  these tra n s it io n s  are corrected fo r  the
171
ca lcu la ted  Ml admixtures. This im plies imaginary m ixing parameters!
In fa c t ,  any co rre c tio n  o f the gamma in te n s it ie s  fo r  Mi m ixing in the
682- and 765-keV tra n s it io n s  re su lts  in a more d ive rgen t set o f z^
values than the set l is te d  in tab le  27. Thus the band-mixing d isc re - 
160pancies in Dy cannot be explained by Ml admixtures in  the interband
tra n s it io n s . For I^ G d , the conversion c o e ff ic ie n ts  and the ava ila b le  
d ire c tio n a l c o rre la tio n a l re su lts  g ive no in d ic a tio n  o f Ml admixtures 
fo r  the interband tra n s it io n s .  For th is  reason, the e f fe c t  o f  Ml 
admixtures was not discussed. I t  can be shown th a t the assumption o f 
Ml m ixing w i l l  not resolve the band-mixing discrepancy fo r  n e ith e r the 
/9 band nor the y  band even when /3-y  m ixing is  considered.
The band m ixing discrepancy and the conversion c o e f f ic ie n t  d is ­
crepancies ( fo r  the 682- and 765-keV tra n s it io n s )  can be resolved by 
assuming th a t the in te n s it ie s  o f the 682- and 765-keV tra n s it io n s  were 
underestimated by k0% and 30% respecrive ly . E rrors o f th is  magnitude 
are completely unreasonable. This is  supported by the e x c e lle n t mutual
90) 87)
agreement o f the re s u lts  o f Jak lev ic  e t a l.  , Ludington e t a l . , and 
the re s u lts  o f th is  in ve s tig a tio n  fo r  the in te n s it ie s  o f the 682- and 
765-keV tra n s it io n s . The maximum dev ia tion  in  the in te n s ity  values fo r  
the 682-keV gamma ray is  3% and the dev ia tion  fo r  the 765^*keV gamma ray 
is  10%. For both tra n s it io n s ,  the re s u lt o f th is  in v e s tig a tio n  is  
in term ediate between the  values o f references 87 and 90. However, I t  is  
o f  in te re s t to  inves tiga te  the p o s s ib i l i t y  o f  small underestimates in 
the measured in te n s it ie s  o f  the two 1 ines,.
As is  shown in f ig u re  22, the photopeaks o f  the 682- and 765-keV 
gamma rays are located on the Compton edges o f  the 879- and 966-962-keV
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gamma rays. A lso the 682-kev photopeak Is o f very low in te n s ity .  Thus, 
in the determ ination o f the area under th is  photopeak, an e rro r  in 
e s tim a ting  the "background" c o n tr ib u tio n  o f the underly ing  Compton edge 
could lead to  an e rro r  in the in te n s ity  o f the 682-keV gamma ray. The 
area was determined using a s tra ig h t l in e  estim ate fo r  the underly ing 
Compton, as discussed in chapter 4. in  o rder to  determine the u n ce rta in ty
introduced by th is  procedure, the Compton shapes from the 834-keV
54 88tra n s it io n  in Mn and the 898-keV t ra n s it io n  in  Y were used to
a r t i f i c i a l l y  reproduce the shape o f the Compton spectrum o f the 879-keV 
tra n s it io n .  This reference Compton shape was taken a t the same conversion 
gain (keV/channel) as the Tb spectra , and was then g a in -s h ifte d  and 
normalized so th a t a best f i t  p o in t-b y -p o in t correspondence w ith  the 
Compton shape adjacent to  the 682-keV peak in the ^®Tb spectrum was * 
achieved. The re su lts  o f th is  procedure are d isplayed in  f ig u re  33.
The po in ts  are those obtained from one o f the '^°Tb spectra and the 
tr ia n g le s  represent the reference Compton edge, g a in -s h ifte d  and nor­
malized as described. The. s tra ig h t l in e  shown is  th a t which, was used 
to  estim ate the underly ing Compton in the peak ana lys is  performed on 
the  computer. The d iffe re n ce  in  the re s u lts  o f the two procedures was 
o n ly  3% in  one case and 2% in another. I t  was observed th a t the s tra ig h t 
l in e  procedure overestimates the in te n s ity  (a rea ). For the 765-keV 
t ra n s it io n ,  the un ce rta in ty  Introduced by the s tra ig h t l in e  estim ate o f 
the Compton edge would be mach sm aller (~  a fa c to r  o f 4) than fo r  the 
682-keV gamma ray since the 765-keV t ra n s it io n  Is more intense \(see 
f ig u re  22). Thus, i t  is  c e rta in  th a t e rro rs  In the gamma-ray In te n s ity  
measurements o f the 682- and 765-ikeV tra n s it io n s  cannot account fo r  the 
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Fig. 33. The p o rtio n  o f the ^ °T b  spectrum around the 682-keV 
photopeak. The s tra ig h t l in e  Is an estim ate o f the 
underly ing  Compton. The tr ia n g le s  represent the shage 
o f the Compton edge as determined from the ^M n and °°Y 
pure shapes.
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The re s u lts  o f th is  in ve s tig a tio n  show tha t the v a r ia t io n  in  the
j
ca lcu la te d  band-mixing parameters is  a real v a r ia t io n . This v a r ia t io n
in  the Zg values is  in accord w ith  the re s u lts  o f Ja k le v ic  e t a l . ^
87)and Lgdington e t a l.  , but is  in  con trast to  the con s is te n t set o f
92)
z2 values reported by Gunther e t a l . . From the reported re s u lts
o f Gunther, i t  seems th a t the measured K -she ll e le c tro n  in te n s it ie s
85)were used together w ith  th e o re tic a l E2 conversion c o e ff ic ie n ts  '  to
c a lc u la te  the gamma-ray in te n s it ie s  o f the 682- and 765-keV t ra n s it io n s .
This procedure is  e s s e n tia lly  the same as was done above when the gamma
in te n s it ie s  o f  the 682- and 765-keV tra n s it io n s  were increased by 40%
and 30% re s p e c tiv e ly . For the o ther three interband t ra n s it io n s  there
95)is  e x c e lle n t agreement between our values and those o f  Gunther e t a l.
Thus the discrepancy between the band-mixing re su lts  obta ined here and
92)
by Gunther e t a l.  is due to  the use o f  in d ire c t ly  measured gamma-ray 
in te n s it ie s  by reference $2. From the re s u lts  o f th is  in v e s tig a tio n , 
i t  appears th a t the p e rtu rb a tio n a l approach to  band-mixing is  not 
a p p lica b le  to  the ^®Dy nucleus.
To compare the experimental band-mixing re s u lts  to  the p re d ic tio n s  
o f the m icroscopic models, a value o f z2 which is  c h a ra c te r is t ic  o f  the 
y  band is  needed. Since ajy3 v ib ra tio n a l band is  not observed in the
160Dy nucleus, there is  no co rre c tio n  to  the observed z^ values due to  
f i - y  m ix ing. Thus, the z2 values fo r  each tf(E2) r a t io  in the y  band 
should be e qu a lly  good estim ates o f  the band-mixing parameter which is  
c h a ra c te r is t ic  o f  the band. As has been observed, the in d iv id u a l z2 
values e x h ib it  an unexplainable w ide ’v a r ia t io n  from r a t io  to  r a t io .  For 
the purpose o f  comparison w ith  the m icroscopic model p re d ic t ions,the
band-mixing parameter fo r  the y  band is  taken to  be the average o f  the
in d iv id u a l parameters. This average may not be r e a l is t ic  but
represents the best estimate o f the m ixing parameter. The average
x 16)value o f Zg is  compared to  the p re d ic tio n s  o f the models o f Bes e t a l.  '  
P av lichen ko v*^ , and Marshalek***^ In ta b le  24 o f section  6 .2 . The 
p re d ic tio n  o f Marshalek fo r  case I and case I I  are in good agreement 
w ith .th e  experimental value. The p re d ic tio n s  o f Bes and Pavlichenkov 
are less successful than the m icroscopic values o f Marshalek. The 
phenomenological value (case I I I )  o f Marshalek is  seen to  be S ig n if ic ­
a n tly  la rg e r than the experimental va lue. In view o f the u n ce rta in ty  
in the estim ate o f the experimental value o f the re la t iv e  m erits  
o f the m icroscopic values are uncerta in  fo r  the *^®Dy nucleus.
The f i t  o f equation (2-46) to  the observed energies o f the leve ls  
in the ground-state ro ta tio n a l band y ie ld s  the value B ^  19.62i0.19 eV. 
This value, fo r  B is  the experimental value o f the to ta l nonadiabatic 
in e r t ia l parameter, Bto ta j -  The c o n tr ib u tio n  to  Bto ta l f r °m mixing 
o f the y  and grund-sta te  bands, B^, is  ca lcu la te d  from the experimental 
z^ parameter using equations (2-48) and (2 -52 ). Adopting the a r ith m e tic  
average o f the ind iv idua l Z2 values, and using the Coulomb e x c ita t io n  
re s u lts  o f Yoshizawa et a l . * 0^  fo r  and Q ^ , the re s u lt in g  value o f 
B a 1.6 eV Is obtained. I t  is  obvious th a t band m ixing does not account
y
fo r  the to ta l depression o f theenergy le ve ls  in the ground-state band.
The to ta l depression is an order o f magnitude la rg e r than the c o n tr i-  u 
bu tion  from band m ixing, and i t  can be concluded th a t o ther nonadiabatic 
e ffe c ts  are responsible fo r  the m a jo rity  o f the energy depression o f the 
ground-state band. As discussed in. sec tion  6 .2 , the m icroscopic t re a t ­
ments o f  Marshalek—  and Pavlichenkov*^ inc lude various nonadiabatic
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e ffe c ts  In a d d itio n  to  band-mixing. The model p re d ic tio n s  o f B 
and By are compared to  the corresponding experimental re s u lts  in ta b le  
25 o f section 6 .2 , The agreement between the theo ries  and experiment 
is  poor, in  the p re d ic tio n  o f Bto ta j » the p re d ic tio n  by Marshalek is 
twoce as large as the experimental value fo r  the case o f energy gaps 
chosen to  e xa c tly  reproduce the moment o f in e r t ia .  For the c a lcu la tio n s  
which employ em pirica l gaps, the p re d ic tio n  o f Marshalek is  three times 
the experimental value. In co n tra s t, the value pred icted  by
Pavlichenkov is  lower than the experimental by a fa c to r o f two, 
Pavlichenkov p re d ic ts  a value o f B_, which is  much c loser to  the
y
experimental value than the value p red ic ted  by Marshalek fo r  e ith e r 
choice o f gap parameters, i t  is  d i f f i c u l t  to  reach d e f in ite  conclusions 
concerning the B " p re d ic tio n s  since the experimental value o f By depends 
upon the value o f z^  used in  the c a lc u la tio n . The average z^ value is  
probably not appropria te  as p rev iou s ly  discussed. I t  does seem, however, 
th a t Marshalek has underestimated the c o n trib u tio n , from m ixing o f the 
y  and ground-state bands.
6 .^  Band M ixing in  '^®Er
168The band-mixing re s u lts  o f th is  in v e s tig a tio n  o f Er have, in
p a rt, p rev ious ly  been repo rted ' The gamma-ray energy and in te n s ity
168re s u lts  fo r  Er y ie ld  the B(E2) branching ra tio s  which are presented
in tab le  29. The ta b le  conta ins the p re d ic tio n s  o f the macroscopic
2) 7)models o f Bohr and M ottelson , Faessler, G re iner, and Sheline , and
8VDavydov and F ilip p o v  . The B(E2) p re d ic tio n s  o f  the model o f Davydov 
and Chaban'^ have not been reported. The values o f the ad ia b a tic  
sym m etrlc-rotor model (B-M) are ca lcu la te d  from the ra tio s  o f t h e
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Table 29. The comparison o f experimental ra t io s  o f reduced E2
168tra n s it io n  p ro b a b il i t ie s  from the y  band in Er to  




B(E2; 1. -  | f ) 
B(E2; 1. -  | ' , j j
,B(E2)
B-M3^








0.592±0.019 0.698 0.37 0.46
2 - 2
2 - 4
14.1 ±1.3 19.9 11.0
2 - 0
2 - 4
8.33 ±0.76 13.9 4.1
3 - 2
3 — 4




0.209±0.005 1.340 0.08 0.11
a) A d ia b a tic  sym m etric -ro to r model o f Bohr and M ottelson. •
7b) R o ta t io n -v ib ra t io n  model o f  Faessler, Greiner and Sheline.
8)c) A d ia b a tic  asym m etric-ro to r model o f Davydov and F ilip p o v .
168Table 30. Er Experimental B(E2) Ratios and Zg Values.
E(U -  U ) B(E2; ‘ 1 .K1 — I -K-) i i f  f  i f  i t  f  fI .K .' —'1 IK. Theory Correction
I.K . -  1' K , - 
i i  f t
-E ( lr -  1 ')
22 -  00 821.11
2 2 -  20 741.32
22 -  20 741.32
2 2 - 4 0 557.08
22 — 00 821.11o•4"tCMCM' 557.08
32 -  20 815.95
3 2 - 4 0 631.66
42 -  20 914.90
42 -  40 730.61
0.592 ± 0 .0 1 9
14.1 ± 1 .3
8.33 ± 0 .7 6
1.66 ± 0 .0 5







■!' •  * ■ * ) '
_ ?..+. ?z2 / .
27 .8 .±  5.5
28.4 ±  9.1
28.3 ±  5.6
31.4 ±  2.5
32.9 ± 1 .5
VI
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squares o f the appropria te  Clebsch-Gordon c o e ff ic ie n ts .  The values 
pred ic ted  by the ro ta t io n -v ib ra t io n  model (R-V) are taken from 
Abecasis and Bosch . The values p red ic te d  by the a d ia b a tic  asymmetric 
ro to r  model (D-F) are taken from Reidy e t a l . * ^  fo r  y  » 12.3°. The
•fa
energies o f the f i r s t  two exc ited  2 s ta te s  in  th is  work give a value 
o f  y  » 12.36°, ca lcu la te d  using equation (2 -65 ). The agreement between 
the model p re d ic tio n s  and the experimental values is  poor. In no case, 
are the model p re d ic tio n s  w ith in  two standard dev ia tions  o f the 
experimental ra t io s .  I t  is  evident th a t the p re d ic tio n s  o f the D-F 
model a re , in  each case presented, much nearer the experimental values. 
A lso , the model p re d ic tio n s , excluding the B-M model, are co n s is te n tly  
lower than the experimental values. I t  can be concluded th a t the 
treatm ent o f the ro ta t io n -v ib ra t io n  model o f Faessler e t a l . ^  over­
emphasises th is  n o n a d ia b a tic ity . The D-F model is  an a d iab a tic  model 
and thus a system atic dev ia tion  from the experimental B(E2) ra tio s  is  
reasonably expected.
168The B(E2) ra tio s  ca lcu la ted  fo r  Er, when compared to  the pre­
d ic tio n s  o f the a d ia b a tic  sym m etric-ro tor model, y ie ld  the values o f
the spin independent m ixing parameters, z2 , l is te d  in tab le  30. For 
168Er, which is  located in the middle o f  the  deformed region, a con­
s is te n t set o f  m ixing parameters, is  ob ta ined. A weighted average o f 
the in d iv id u a l z2 parameters y ie ld s  the va lue (32.0±1.3) x 10 .
Averaging the th ree z2 parameters fo r  the ra tio s  o f t ra n s it io n s  from 
the 2+ level re s u lts  in  a value (28.1±3.6) x 10 With th is  average, 
i t  can be seen th a t the z2 parameters appears to  increase w ith  increasing 
sp in , although the values fo r  the th ree  le ve ls  (2 <,'3 , and k  ) w i l l  over­
lap when the u n ce rta in tie s  are considered. A cons is ten t set o f  m ixing
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168 26) parameters fo r  Er were reported by Gunther and P ars lgnau lt and can
94)be deduced from the gamma-ray in te n s it ie s  o f Kenealy e t a i .  and 
95)Prather . However, the trend  toward increasing z^ fo r  increasing 
level spin is  seen on ly in  the re s u lts  o f th is  in v e s tig a tio n . The Z2 
parameters fo r  these references are compared in ta b le  31, to  the present 
re s u lts . The Z2 values o f th is  in v e s tig a tio n  are seen to  be more 
precise and co n s is te n tly  sm aller than the re s u lts  o f previous in v e s t i­
ga tions. The weighted averages o f the various in ve s tig a tio n s  are given 
in the la s t row. The average fo r  Kenealy e t a l.  and Prather are, to  
w ith in  the u n ce rta in tie s , in agreement w ith  the average fo r  th is  
in v e s tig a tio n . There is  no agreement between the average value o f 
Gunther and Parsignault and the average o f th is  work.
168The re s u lts  o f th is  in v e s tig a tio n  o f band-mixing in  Er v e r ify
the basic approach o f the band-mixing model o f  Bohr and M o t te ls o n '^ .
While th is  conclusion is not unique to  th is  work, the p re c is io n  on the
Z2 values has been increased in  the present in v e s tig a tio n .
In ta b le  24, section 6 .2 , the weighted average o f the Z j values is
/  16)
compared to  the p red ic tio n s  o f  the m icroscopic models o f Bes e t a l .  ,
17) 14)Pavlichenkov , and Marshalek . The agrement is  not good. The
p re d ic tio n s  o f Pavlichenkov and Marshalek (case I)  are seen to  be the
most successfu l. The p re d ic tio n  o f Marshalek fo r  case I I  is s l ig h t ly
less successfu l. The p red ic ted  Z2 o f  Bes and Marshalek are a fa c to r  o f
two sm aller and la rg e r, re s p e c tiv e ly , than the experimental value. I f
the weighted average, (2 8 .I± 3 .6) x 10 o f  the Z j values fo r  B(E2) ra tio s
pL
from the 2 y  bandhead is  used in  the comparison to  the model p re d ic tio n s ,
there is  good agreement w ith  the p re d ic te d  value o f  P a v lic h e n k o v ^  and 
]L)
Marshalek fo r  case I .
168 ? Table 31. Er -  Comparison of Experimental Zg values (xlO )





P a r s ig n a u lt^ P r a th e r ^ a
Kenealy
e t a 1 . 9',>a
22 -* 00 
22 -* 20 27.8±5.5 ' 36.8*6.3 37.4*12.4
22 -* 00 
22 -* 40 28.3*5.6 40+31 a • -19 30.7* 9.5 r
22 -  20 
22 -* 40 28.4*9.1










3 2 - 2 0  
32 -  40 31.4*2.5 36.7*2.1 37.1*6.6 32.9*16.0
42 -  20 
4 2 - 4 0 32.9*1.5 40 .4 *1 .8 37 .9 **.5 36.6*16.5
weighted
average 32.0*1.3 3 8 .8 *1 .5 . 36.3*3.3 3*.5 *8 .7
a) calculated from the reported gamma-ray energies and in tensities
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The leve l energies o f the ground-sta te  ro ta tio n a l band, y ie ld  a 
value o f B =* 6.94±0.03 eV. The band-mixing c o n tr ib u tio n , as ca lcu la te d  
from the average z0 , is  B -  2.05^0.39 eV. Again i t  is  observed th a t
L y
band mixing does not account fo r  the observed energy s h if ts . The 
m icroscopic p r e d ic t io n s ^ ’ * ^ o f  the B values are compared to  the 
experimental values in ta b le  25 o f sec tion  6 ,2 . The model o f 
Pavlichenkov is  in  agreement w ith  experiment in the p re d ic tio n  o f 
B fo ta i» *3Ut ' n t *ie  p re d ic t io n  o f B^ is  low by a fa c to r o f two. The 
pred icted values o f Marshalek fo r  case I are in b e tte r agreement than 
the values fo r  case I I ,  but are much less r e a l is t ic  than the values 
p red ic ted  by Pavlichenkov. Marshalek's p re d ic tio n  o f are observed 
to  be much too sm all.
CHAPTER V II 
CONCLUSIONS
Since i t s  incep tion , the purpose behind th is  research has been to
q u a n t ita t iv e ly  te s t the various c o lle c t iv e  models which attempt to
describe the p rope rties  o f  nuc le i in  the deformed region o f the ra re -
earths (150<A<190). Three n u c le i, ^^G d, ^ °D y , and ^®Tm, were
se lected la rg e ly  on the basis o f  th e ir  pos itions  in the region o f
deform ation; from a tra n s it io n a l nucleus (^^G d) to  a h ig h ly  deformed 
168nucleus ( Tm). The models have been divided in to  three categories 
according to  the approach taken in th e ir  fo rm u la tion . These ca tegories 
a re ; macroscopic, m icroscopic, and phenomenlogical band-mixing 
(p e r tu rb a t io n a l) . The aspects o f the models which have been tes ted  
are th e ir  p re d ic tio n s  o f ra tio s  o f reduced E2 tra n s it io n  p ro b a b il i t ie s  
fo r  t ra n s it io n s  between c o lle c t iv e  bands, and the p red ic ted  s h if ts  in 
energy o f the leve ls  o f the ground-state ro ta tio n a l band from a pure 
ro ta t io n a l sequence. A d e ta ile d  discussion o f the comparison o f  the 
experim ental re s u lts  w ith  theory, fo r  each nucleus., is  contained in 
chapter 6 . The present chapter is  devoted to  the general conclusions 
th a t can be drawn, and i t  is  understood th a t these conclusions are 
a p p lica b le  on ly  to the three nucle i investi{gated.
The macroscopic models have been seen to  be inadequate in p re d ic tin g  
B(E2) ra t io s .  The a d iaba tic  sym m etric-ro tor model and the a d ia b a tic  . 
asym m etric-ro to r model p re d ic t B(E2) ra tio s  tha t are, in a l l  cases, 
la rg e r and sm a lle r, re sp e c tive ly , than the experimental values. In 
no case are the p red ic tio n s  o f these models In agreement w ith  
experim ent. This is  not su rp r is in g  since one model a d ia b a tfc a lly  tre a ts
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the nucleus as a r ig id  sym m etric-ro tor and the o ther model a d ia b a t ic a lly
tre a ts  the nucleus as an asym m etric-rotor r ig id  against shape
o s c il la t io n s .  .The ro ta t io n -v ib ra t io n  model is  most app licab le  to  the
154t ra n s it io n a l nucleus Gd and is  observed to  sys tem a tica lly  overestim ate 
the n o n a d ia b a tic ity  o f the ro ta t io n -v ib ra t io n  in te ra c tio n  fo r  the more 
h ig h ly  deformed nucle i located in the middle o f the deformed region.
The lim ite d  success o f th is  model in the t ra n s it io n a l nucleus is 
re s tr ic te d  to  tra n s it io n s  from the y -v ib ra t io n a l band and is  probably 
due to  the e x tra  n o n ad ia b a tic ity  re s u lt in g  from the occurence o f j3 
v ib ra tio n s . This model is  in need o f m od ifica tion s . The nonadiabatic 
asym m etric-ro tor model has on ly  lim ite d  success in the p re d ic tio n  o f 
B(E2) ra t io s  from the y  band o f '"^G d, the on ly  nucleus in which th is  
model could be tested .
The m icroscopic model o f Pavlichenkov was seen to  be almost 
adequate in .p re d ic t in g  the mixing o f the y  and ground-state bands. This 
model should be re fine d  by inc lud ing  a d d ition a l nonadiabatic e ffe c ts  
such as the  pe rtu rb ing  in fluence o f the C o r io lis  fo rce  and f lu c tu a tio n s  
In the p a ir in g  f ie ld  as suggested by Marshalek . The model o f  Marshalek 
was seen to  have less success than th a t o f  Pavlichenkov in the p re d ic tio n  
o f m ixing parameters. N either model adequately described the energy 
s h if ts  in  the ground-state band, Marshalek, In p a r t ic u la r ,  g re a tly  
underestimates the band-mixing c o n tr ib u tio n  to  the e n e rg y -s h ift. 
Pavlichenkov a lso  underestimates the band-mixing c o n tr ib u tio n  but on ly  by 
a fa c to r  o f about two in a l l  cases. The model o f Marshalek has been 
more c a re fu lly  form ulated than th a t o f  Pavlichenkov, bu t, as adm itted by 
M a rsh a le k *^ , the a d ia b a tic  small amplitude (ASA) approximation made in
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so lv in g  the HFB equations is  in fe r io r  to  the random phase approxim ation 
(RPA) used by Pavlichenkov. A combination o f the RPA so lu tio n s  and the 
d e ta ile d  ca lc u la tio n s  o f Marshalek (e s s e n tia lly  a combination o f the 
best fea tu res o f the models o f Pavlichenkov and Marshalek) should y ie ld  
a more r e a l is t ic  model. The model, o f Bes was seen to  be inadequate in  
the p re d ic tio n  o f B(E2) ra tio s .
Of the various models tes ted , the phenomenological band-mixing 
model is  the most prom ising. The p e rtu rb a tio n a l approach to  band m ixingl
168was v e r if ie d  fo r  Er to  a high degree o f accuracy. Here a s in g le  
parameter ana lys is  resu lted  in a cons is ten t d e s c rip tio n  o f the B(E2)
ra t io s .  The two parameter ana lys is ( in c lu d in g  second order e ffe c ts )
154 160app lied  to  Gd was on ly s l ig h t ly  in co n s is te n t. For Dy, the approach
o f th is  model was seen to  be fa u lty .  The model may be even more
app licab le  than has been ind ica ted . I f  the in terband tra n s it io n s
con ta in  small amounts o f Ml admixtures, where a llow ed, the model could
154conceivably be app licab le  to  a l l  the nuc le i in  th is  study. For Gd 
the two parameter ana lys is  would v e r ify  the band-mixing approach i f  the
"t"
t ra n s it io n  from the 3 level, in the y  band to  the 2 leve l in  the ground-
s ta te  band contained on ly 7% Ml. I f  th is  is  the case, the band m ixing
w i l l  be accu ra te ly  described by the band-mixing parameters, Z2 = 0.086
/ *4“ *4*
and z .  » 0.010. A lso , a 10% Ml component in one tra n s it io n  (the  2 -» 2
160879-keV t ra n s it io n )  in the nucleus Dy would g ive  a cons is ten t s in g le
parameter d e sc rip tio n  w ith  Z£ =*0.030. The B(E2) ra t io s  fo r  t ra n s it io n s
154from the band o f Gd cannot, however, be adequate described by the
presence o f small Ml admixtures. The d e s c rip tio n  o f th i's  /? band requ ires
112)
la rge  amounts (*>-50%) o f Ml mixing and Hamilton has reported th a t th is
. '1 5 4
amount o f m ixing is  not present in  the 692-keV t ra n s it io n  in  Gd.
1 8 6
Thus, the de scrip tion  o f the  £ band w ith in  the framework o f the band- 
m ixing model does not appear as prom ising as fo r the y  band. This 
probably re s u lts , in th is  case, from the /? band being impure due to  
m ixing w ith  higher energy e x c ita t io n s . However, due to  the sca rc ity  o f 
in form ation on /8 bands, i t  is  not poss ib le  to  make d e f in ite  conclusions 
concerning th e ir  nature. The band-mixing model m erits  fu r th e r  refinement. 
For example, the in c lu s io n  o f poss ib le  d iffe re n ce  in the quadrupole 
moment as another second order band-mixing e f fe c t  should improve the model.
The re su lts  o f th is  research have ind ica ted  tha t fu rth e r  experimental 
in ve s tig a tio n  is  requ ired . The p re c is io n  in the measurement o f gamma- 
ray in te n s it ie s  w i l l  improve w ith  the increased use o f Compton supressed 
Ge(Li) de tectors. However, an increase in the p rec is io n  o f  in te n s ity  
measurements must be accompanied by measurements to  determine the m u lti ~ 
pole composition o f the gamma-ray t ra n s it io n s .  I t  is  very important 
th a t the Ml admixtures to  the interband tra n s it io n s  be determined.
However, on ly gamma-gamma and/or conversion electron-gamma d ire c tion a l 
co re la tio n  experiments have the requ ired s e n s it iv i ty  to  make precise 
enough determ inations o f the. m ixing ra t io s .  P reviously these experiments 
have been extremely d i f f i c u l t  to  perform  and the re su lts  have o ften  been 
too uncerta in . The a v a i la b i l i t y  o f  la rge volume,, high re so lu tio n  Ge(Li) 
detectors and m ultiparam eter pulse he igh t analyzers w i l t  g re a tly  f a c i l i ­
ta te  such experiments. As a f in a l comment, i t  must be pointed out tha t 
fu r th e r  Coulomb e x c ita t io n  experiments are needed to  determine the 
quadrupole moments o f  the c o lle c t iv e  bands. This in fo rm ation  is  necessary 
since band mixing is  s e n s it iv e  to  any d iffe rences  in  these moments.
Our present understanding o f nuclear s tru c tu re  appears to be lim ite d  
not so much by what we can o r cannot measure, but ra th e r by our in a b i l i t y
to  describe nuclear p ro p e rtie s  w ith in  a th e o re tica l framework. I t  seems 
appropriate a t th is  p o in t to  quote Ben R. M ottelson ( le c tu re  se ries , 
Copenhagen, Autumn 1962), •'We are sim ply forced to  s im p lify  the fo rce ".
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